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ABSTRACT

EVALUATION OF ALTERATIONS IN DNA METHYLATION ASSOCIATED WITH
THE 2,3,7,8-TETRACHLORODIBENZO-p-DIOXIN (TCDD)-INDUCED INHIBITION
OF DIFFERENTIATION IN LIPOPOLYSACCHARIDE (LPS)-STIMULATED
MURINE SPLENOCYTES

By

Emily Ann McClure

Splenic B-cells isolated from mice injected with LPS, differentiate into antibody-
producing plasma cells in vitro. Pretreatment with TCDD, a potent immunosuppressive
agent, impairs B-cell differentiation. Altered DNA methylation, an epigenetic event, may
play a key role in this impairment. DNA was isolated from splenocytes prepared 6 days
post experiment initiation from 5-6wk old female C57BL/6 mice dosed with: TCDD, 3
or 30ug/kg, on day O; or LPS, 25ug/mouse, on day 4; or sequentially with TCDD and
then LPS on days 0 and 4, respectively. To discern regions of altered DNA methylation
(RAMs), DNA was restricted with Hpall (a methylation sensitive enzyme), followed by
arbitrarily primed PCR and capillary electrophoresis. The mRNA expression of selected
genes (annotated RAMs or genes closely affected by them) that might affect B-cell
differentiation were analyzed using qRT-PCR. LPS, 3, or 30ug/kg TCDD alone resulted
in 40, 43 and 42 RAMs, respectively, while LPS challenge subsequent to 3 or 30ug/kg
TCDD resulted in 34 and 39 RAMs, respectively. Interestingly, the combined treatments
lead to many RAMs observed in single treatments but also many unique RAMs. Three
patterns of mRNA expression were observed: no change, similar changes in all groups,
and different changes based upon treatment. Collectively, this research suggests a novel
epigenetic mechanism potentially regulating gene expression stimulated by LPS and TCDD

exposure and important in the differentiation of B-cells in the splenocyte population.
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1. INTRODUCTION

Foreign antigen protection in vertebrates is directed by a multicomponent immune system.
Immune responses are divided into two main categories: innate and adaptive. These
two immune responses work synergistically and in tandem to protect the animal from
foreign pathogens and toxicants, e.g. bacteria, viral capsids, and venoms. Attenuation
of immune response(s) results in increased incidence of illness and death in response to
infection. Hypersensitivity results in varied responses ranging from inflammation and
allergic reaction to (when allowed to continue out of control) death.

The adaptive immune system is composed of T-cells and B-cells specialized to elimi-
nate and neutralize antigens as well as to maintain memory of previous exposure. The
response is highly specific, with each mature T- or B-cell recognizing only one antigen.
Successful antigen recognition results in rapid activation and proliferation of stimulated
lymphocytes. It is this response that is targeted in vaccinations and efficiently clears foreign
antigens from the body due to the specificity of the response. However, an adaptive immune
response is not fully triggered until >96hrs after initial infection. The one exception to this
rule is allergic reaction, which is rapidly triggered by memory cells in response to antigen
exposure after an initial sensitizing exposure. As the animals used in this study were kept in
clean rooms and exposed to neither LPS nor 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)
prior to experimental administration, it is unlikely that any of the reactions observed will
be a result of allergic reaction. Immune responses occurring before the adaptive response
belong to the innate immune response.

The innate immune response mounts the first response to foreign antigens. These first
responses occur within 4hrs of exposure and are mediated by natural killer cells (NKs),

dendritic cells, macrophagess (m¢s), neutrophils, and innate-like lymphocytes (ILLs). LPS



in the outer membrane of gram-negative bacteria, bacterial flagella, unmethylated CpG
sequences in bacterial DNA, and viral double-stranded RNA contain repetitive structures
known as pathogen-associated molecular patterns (PAMPs) which are recognized by cells
of the innate immune system through pattern recognition receptors (PRRs).

Many of the the cells involved in innate immunity mature and are initially activated
within the spleen. The spleen filters and recognizes foreign antigens from the blood while
also serving as a repository for monocytes and a location for the maturation of B- and T-
cells. In fact, the average spleen is composed of 45-50% B-cells (Crawford and Kaminski,
unpublished data). Many of the pathways commonly hypothesized to occur in B-cells are
not actually observed nor described in B-cell populations, although they are likely relevant
as they have been observed in multiple cell lineages (m¢s, dendritic cells, and cultured cell
lines) (Peng, 2005). For this reason, and the high concentration of B-cells regularly isolated
from the spleen, this research will focus primarily on B-cells and the potential interactions
occurring therein as a response to LPS challenge and TCDD exposure.

Triggering of many signaling pathways is critical to mounting appropriate innate and
adaptive immune responses. Inappropriate signaling through altered regulation of lineage,
development, or differentiation-specific genes (especially transcription factors) leads to
inappropriate immune responses varying from senescence to lymphoma.

TCDD exposure prior to LPS stimulation causes animals and immune cell lines to fail
in mounting appropriate response(s) (Agency for Toxic Substances and Disease Registry
(ATSDR), 1998). TCDD'’s efficient inhibition of innate (and adaptive) immunity can be
used to assess mechanisms necessary for the differentiation of immunologic cells.

Current knowledge indicates that TCDD-induced suppression of the primary humoral
immune response occurs upstream of antibody (immunoglobulin M (IgM)) production and

B-lymphocyte-induced maturation protein 1 (Blimp1) upregulation (North et al., 2009).
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Where in the upstream signaling pathways TCDD inhibits signaling for future Blimpl
expression and whether this inhibition is directed by genetic or epigenetic mechnanisms
is not yet understood.

Embryonic exposure to TCDD increases DNA methylation and decreases expression
of imprinted H19 and Igf2 genes (Wu et al., 2004) while also inducing cytochrome P450,
family 1, subfamily A, polypeptide 1 (Cyplal). These changes in DNA methylation and
gene expression are accompanied by an increase in methyl transferase activity (Wu et al.,
2004). This research will further these results by investigating changes in DNA methylation
resulting from LPS and TCDD exposure and evaluating whether concomitant exposure

alters the methylation patterns induced by either treatment in isolation.

1.1 B-cell Differentiation and Maturation

B-cells are members of the immune system whose different subsets perform various
roles associated with innate immunity (within 4hrs of exposure), the early induced innate
response (4-96hrs of exposure), and the adaptive immune response (>96hrs after exposure).
B-cells begin development as hematopoeitic stem cells in the bone marrow and differen-
tiate into multipotent progenitor cells. Multipotent progcnito;' cells differentiate into early
lymphoid progenitor cells, which further differentiate into common lymphoid progenitors,
the progenitor cell population from which B-cells, T-cells, and NKs derive. B-cells are
further subdivided into two groups: B1 and B2 B-cells.

B1 B-cells comprise ~5% of all B-cells in mice and appear first during fetal develop-
ment. In adult mice, Bl B-cells are found in the spleen and intestine, as well as the

peritoneal and pleural cavities (Kantor and Herzenberg, 1993). Because they represent



such a small portion of B-cells and because they are mostly found in peritoneal and pleural
cavities, the development of B1 B-cells is beyond the scope of this research.

Non self-reactive, surface IgM-expressing B-cells (B2 B-cells) generated in the bone
marrow migrate to the spleen and undergo further maturation into marginal zone (MZ) and
follicular B-cells (Pillai and Cariappa, 2009; Dorshkind and Montecino-Rodriguez, 2007).
In secondary lymphoid tissues, differentiation is divided into 3 phases: pre-germinal center,
germinal center, and post-germinal center stages. MZ B-cells do not recirculate like B1 B-
cells, rather they react to pathogens trapped by mos in the spleen MZ and likely are uniquely
adapted to provide the first response to pathogens reaching the bloodstream. These resting
mature B-cells express low CD23, high MHCI, CD35, and CD21 and do not require T-cell
help for activation. In rodents, IgM+CD27+ MZ B-cells are restricted to the spleen (Pillai
and Cariappa, 2009).

During development, immunoglobulin rearrangement begins in pro-B-cells in the bone
marrow and regulates the formation of plasma cells and memory cells. IL-7 signaling
promotes E2A expression, which cooperates with transcription factor PU.1 (PU.1) to induce
early B-cell factor (EBF) expression. E2A and EBF work together to drive expression
of pro-B proteins such as recombination activating gene (RAG)1, RAG2, and paired box
protein S (Pax5) (Gupta et al., 2007). Pax5 induces B-cell linker protein (BLNK) expression
(Gupta et al., 2007) (see section 1.1.5 for BLNK signaling). Transcription factors Pax5, B-
cell lymphoma 6 protein (Bcl6), microphthalmia-associated transcription factor (MITF), v-
ets erythroblastosis virus E26 oncogene homolog 1 (Etsl), and BTB and CNC homology 2
(BACH2) repress antibody-secreting cell (ASC) differentiation (Shapiro-Shelef and Calame,
2005).

RAG genes induce V(D)J rearrangement in B- and T-cells and are expressed at two

times during B-cell differentiation in order to rearrange the heavy and light chains of the
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B-cell receptor (BCR). VpreB1 and AS gene protein products associate to form a surro-
gate light chain which chaperones newly synthesized u chains to the cell surface in the
form of the pre-BCR (Szutorisz et al., 2005). Signaling from this receptor then mediates
signaling leading to proliferation of pre-B-cells with productive heavy chain rearrange-
ment. Immature B-cells expressing rearranged BCR are tested for self-reactivity in bone
marrow before localization to the spleen to complete differentiation.

Naive B-cells with appropriate in-frame immunoglobulin rearrangements travel to and
mature in the spleen (Cariappa and Pillai, 2002). IgM+IgD_ immature B-cells in bone
marrow acquire the ability to emigrate to spleen red pulp and become
1eMPi1gDI0CD21/0CD23~ newly formed B-cells (Cariappa and Pillai, 2002). At high
concentrations, T-cell independent (TI)-1 antigens (e.g. LPS) do not require T-cell help
to induce polyclonal activation of B-cells. TI-2 antigens (capsular polysaccharides) act by
cross-linking the BCR, although excessive crosslinking causes B-cells to become anergic.
Dendritic cells and macrophages provide co-stimulatory molecule BAFF which is
recognized by the BAFF receptor (BAFFR) and plays an important role in directing
follicular B-cell survival.

Immature B-cells remain for ~1 day in spleen red pulp, then colonize spleen lymphoid
follicles where they express high levels of IgD and CD23 (Cariappa and Pillai, 2002).
A proportion of follicular B-cells express intermediate levels of CD21 and acquire the
ability to recirculate, giving rise to IgD1gM/0CD231TCD21" mature recirculating
naive follicular B-cells (Cariappa and Pillai, 2002). A subpopulation of IgM/1gDM
folliclar B-cells express high levels of CD21 and CDId and represent extrafollicular
1gMPi1gD— D23~ cD21#CD1d" MZ B-cell precursors (Cariappa and Pillai, 2002).

Due to selective stringency at many stages of development, only an estimated ~10% of



15-20 million immature B-cells produced each day in the bone marrow emerge as mature
cells in the periphery (Cariappa and Pillai, 2002).

Terminally differentiated B-cells include plasmablasts, plasma cells, and memory cells
and are found in lymphoid organ germinal centers or circulating. Plasmablasts express high
levels of surface IgM, surface major histocompatability complex (MHC) II, and secrete
high levels of IgM. Plasma cells express low levels of surface IgM, no surface MHC II, and
secrete high levels of IgM. Development of plasma cells and plasmablasts is antigen (Ag)
driven (Klein and Dalla-Favera, 2008). Especially important in regulating the production
and appropriate folding of immunoglobulin proteins, endoplasmic reticulum (ER) resident
folding factors (including X-box binding protein 1 (Xbp1)) and redox balance proteins are
linearly upregulated until the end of plasma cell differentiation. IgM subunit expressions
increase exponentially 2 days after initial Ag exposure, during the early induced innate

immune response (van Anken et al., 2003).

1.1.1 Transcription Factors

Waves of lineage-specific transcription factors regulate B-cell terminal differentiation.
The main regulatory transcription factors controlling B-cell terminal differentiation (PaxS$,
Blimp1, and Bcl6) compose a reciprocally inhibiting transcriptional ‘switch.” Manipulation
of mRNA levels or activation status of any one of these three transcription factors results
in significant changes in gene expression as well as cell fate.

Initial entry of common lymphoid progenitors into the B-cell lineage depends on the
appropriate expression of E2A, transcription factor COE!l (Ebfl), and Pax5 (Nutt and
Kee, 2007; Cobaleda et al., 2007). Friend leukemia virus integration 1 (Flil) positively

regulates expression of E2A proteins (Zhang et al., 2008). E2A proteins, in concert with
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Figure 1.1.: Schematic Representation of Reciprocal Repression of Transcription
Factors Regulating IgM Expression in Differentiating B-cells. Bcl6 inhibits AP-1
binding to the Blimp1l promoter and so represses its transcription. Blimpl (a reciprocal
repressor of Pax5 expression) is a transcription factor necessary for full induction of IgH
and J chain and Xbpl mRNA in B-cells. Xbpl regulates the transcription of folding
proteins as well as many B-cell receptor genes.

other transcription factors and signal transducer and activator of transcription 5 (STATS)
promote Ebfl and c-Myc expression (Kee, 2009). Ebfl, in turn, promotes Pax5 and E2A
expression. Pax$S promotes Ebf1 expression and represses Notch1 transcription, preventing
T-cell fate in pro-B-cells (active Notchl leads to E2A degradation and so inhibits B-cell
transcription program maintenance) (Kee, 2009).

Ebfl regulates Pax5 expression through chromatin remodeling of the entire Pax$
promoter region (Decker et al., 2009). The Pax5 promoter is also epigenetically regulated
by DNA methylation in embryonic stem cells and mouse embryo fibroblasts. The Pax5
enhancer is demethylated upon the onset of hematopoeisis and organized into accessible
chromatin at subsequent B-cell developmental stages (Decker et al., 2009).

Blimp1 (a reciprocal repressor of Pax5 expression) is a transcription factor necessary
for full induction of IgH and J chain and Xbpl mRNA in B-cells (Savitsky and Calame,

2006) (Figure 1.1). Upon activation, Blimp1 represses genes required for cell cycle entry,



DNA replication, and cell division (Savitsky and Calame, 2006). It is also a reciprocal
repressor of Bcl6.

Bcl6 inhibits AP-1 binding to the Blimpl promoter and so represses its transcrip-
tion (Vasanwala et al., 2002) (Figure 1.1). Mice deficient in Bcl6 lack germinal centers
in secondary lymphoid organs, indicating a complete repression of B-cell differentiation
(Dent et al., 1997). Bcl6 co-repressor (Bcor) functions in concert with Bcl6 to repress
transcription of many genes, potentially through epigenetic mechanisms such as histone
methylation (Fan et al., 2009). These mechanisms direct gene silencing through chromatin
modification by means of histone ubiquitination and demethylation (Gearhart et al., 2006).

When expressed, Pax5 works as a global regulatory element, controlling commitment
to B-cell development by repressing B-lineage inappropriate genes and activating B-lineage
specific genes. It is expressed exclusively from the pro-B-cell to mature B-cell stages and
subsequently repressed during terminal plasma cell differentiation (Fuxa and Busslinger,
2007). Reprogramming induced by Pax5 transcriptional activity facilitates pre-B-cell
receptor signaling, promotes B-lymphocyte differentiation, and regulates B-cell adhesion
and migration (Delogu et al., 2006; Schebesta et al., 2007). Much of this reprogramming
occurs as a result of Pax5 inhibiting the expression of Blimpl (Mora-Lopez et al., 2007)
(Shaffer et al., 2002) (Figure 1.1).

Xbpl regulates the transcription of folding proteins as well as many B-cell receptor
genes (Figure 1.1). Those B-cells lacking Xbpl1 fail to secrete IgM (a marker indicative
of successful plasma cell differentiation) (Masciarelli et al., 2010). Expression levels of
Xbp1 reach high levels in primary splenic B-cells and B-cell lymphoma lines after 3 days

of activation with LPS (van Anken et al., 2003; Calfon et al., 2002).



1.1.2 Cytokines

Most antigens are T-dependent, meaning that the B-cell requires T-cell help for maximal
antibody production. Antigen cross linking to the BCR produces a signaling cascade
modulated by spleen tyrosine kinase (Syk) and V-yes-1 Yamaguchi sarcoma viral related
oncogene homolog (Lyn) (see section 1.1.7). Processed proteins from T-dependent antigens
are presented on B-cell MHC II for recognition by Tgy2 cells. The activated T-cell then
secretes cytokines that activate the B-cell to trigger proliferation and differentiation into
plasma cells. LPS activation induces Tgy1 cytokines such as TNF-a, IFN-y and IL-12
(Mukherjee et al., 2009) and production of interleukin-4 (IL-4) and interleukin-5 (IL-5)
(Chiba et al., 2007). LPS-induced IL-4 production is TLR4 dependent, transcriptionall.y
regulated, and requires de novo protein synthesis (Mukherjee et al., 2009). Splenocytes
exposed to TCDD produce less IL-4 (responsible for stimulating activated B-cell and T-cell
proliferation and upregulating MHC II production) and IL-5 (responsible for stimulating B-
cell growth and increasing immunoglobulin secretion) (Nohara et al., 2002). The inhibition
of IL-4 and 5 production induced by TCDD exposure may, in part, be responsible for the

suppression of humoral immune response to LPS.

1.1.3 Calcium

A secondary signaling molecule with effects upon transcriptional elements, calcium is
essential for effects elicited through BCR stimulation upon transcription factor expression
including Pax5, Bcl6, MITF, Etsl, Flil, interferon regulatory factor 4 (IRF4), Spi-B
transcription factor (SpiB), and Blimpl (Hauser et al., 2009). Calcium-loaded calmod-
ulin inhibits DNA-binding of E2A, an inhibition that is essential for rapid down-regulation

of immediate early genes after BCR activation (Saarikettu et al., 2004; Hauser et al.,



2009). Active (calcium-loaded) calmodulin also reduces Pax5, Bcl6, Flil, and Ets] mRNA
expression and increases Blimpl mRNA expression (Hauser et al., 2009).

The Ca2+/calmodulin-dependent protein kinase (CaMK) Ia has been reported as a
contributing factor to aryl-hydrocarbon receptor (AhR)-mediated genomic response
(Monteiro et al., 2008b). However, more recent data indicates that the CaMKXK inhibitor
is an AhR ligand and that CaMK may not actually contribute to AhR signaling (Monteiro
et al., 2008a). However, further reports conflict as to whether increases in internal calcium
levels are induced through release of internal calcium stores (Puga et al., 1997) or external
calcium influx via T-type channels (Kim et al., 2009) and whether this increase occurs
immediately or after a period of time. Studies of TCDD catalytic degradation in vitro show
that degradation is increased in the presence of calcium, functioning as a catalyst (Mitoma
et al., 2006). For this reason, it is still likely that cells increase internal calcium levels
in response to TCDD exposure in order to increase degradation of the toxicant, although
whether the increase in cytosolic calcium is immediate or delayed may affect the efficiency

of this process.

1.1.4 LPS Signaling
Stimulatory

The main receptor by which lipopolysaccharide (LPS) stimulates signaling in the cell
is toll-like receptor 4 (TLR4). Soluble LPS binding protein (LBP) in the serum binds
LPS and loads it onto cluster of differentiation 14 (CD14) in the plasma membrane. LPS-
bound CD14 recruits the TLR4/lymphocyte antigen 96 (MD2) heterodimer and serves to
initiate intracellular signaling through recruitment of cytoplasmic TIR domain containing

adaptor proteins (TIRAPs) (Peng, 2005) (Figure 1.2). The TLR4/MD2 complex may
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have additional discriminatory capability that confers specificity to the LPS recognition
event, with B-cell lines and primary B-lymphocytes capable of differentiating between LPS
chemotypes (Minguet et al., 2008). In fact, B-cell TLR4 may also recognize pathogenic
antigens such as viral proteins or heat shock proteins (Peng, 2005). The role of toll-like
receptors (TLRs) in B-cell activation and antibody response appears to be dependent on
antigen type and stimulation context, with different LPS chemotypes and stimulation events
leading to unique signaling responses (Lanzavecchia and Sallusto, 2007).

TLR4 stimulation leads to activation of two main cytoplasmic signaling cascades:
TIRAP and TIR domain-containing adaptor-inducing interferon-f (TRIF)/TRIF-related
adaptor molecule (TRAM). The activated cytoplasmic TIR domain of TLR4 recruits
TIRAPs such as MyD88 and transduces signals through at least two signaling pathways.
Through the DD, MyD88 recruits and activates IRAK which in turn recruits and activates
TRAF6 in the plasma membrane. TRAF6 stimulates activation of TAK1, stimulating IKK
(see section 1.1.5), JNK, and p38 activation (Figure 1.2).

The second signaling pathway triggered by LPS-mediated TLR4 stimulation initiates
with formation of a TRIF/TRAM heterodimer. The TRIF/TRAM complex regulates inter-
feron regulatory factor 3 (IRF3) activation and subsequent induction of type I interferons
and co-stimulatory molecules (Peng, 2005). IRF3 in turn stimulates IFN-f transcription.
Alternative association of TRIF with TRAF6 stimulates TRAF6 signaling as described
above (Figure 1.2).

Unlike macrophages and dendritic cells, B-cells additionally utilize lymphocyte antigen
64, CD180 molecule (RP105)/lymphocyte antigen 86 (MD1) heterodimer (structurally
related to TLR4/MD2) to recognize and respond to LPS (Peng, 2005). RP105/MD1 plays a
uniquely important role in B-cells, enhancing TLR4-dependent LPS response (Peng, 2005;

Kawai and Akira, 2006). Subsequent to LPS stimulation and through an unknown mecha-
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Figure 1.2.: Signaling Occurring in B-cells as a Result of LPS binding to TLR4. Soluble
LBP binds LPS and loads it onto CD14 in the plasma membrane. LPS-bound CD 14 recruits
the TLR4/MD2 heterodimer and serves to initiate intracellular signaling through recruit-
ment of cytoplasmic TIRAPs. The activated cytoplasmic TIR domain of TLR4 recruits
TIRAPs such as MyD88 and transduces signals through at least two signaling pathways.
Through the DD, MyD88 recruits and activates IRAK which in turn recruits and acivates
TRAF®6 in the plasma membrane. TRAF6 stimulates activation of TAK1, stimulating IKK
(see section 1.1.5), JNK, and p38 activation.
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nism, RP105 signaling activates phosphoinositide 3-kinase (PI3K). PI3K catalyzes the
phosphorylation of phosphatidylinositol (4,5)-bisphosphate (PIP5) to form phosphatidyl-
inositol (3,4,5)-triphosphate (PIP3), which recruits protein kinase B (Akt) and pyruvate
dehydrogenase kinase (PDK) to the plasma membrane. Once recruited to the plasma
membrane, Akt is phosphorylated and activated by PDK. Phosphatase and tensin homolog
(PTEN) catalyzes the opposite reaction in which PIP3 is dephosphorylated to form PIP,.
PIP is degraded by phospholipase C (PLC) to form inositol triphosphate (IP3) and diacyl-
glycerol (DAG). IP3 is recognized by the inositol triphosphate receptor (IP3R) to trigger
release of internal calcium stores from the ER while DAG is capable of activating protein
kinase C (PKC) to regulate Ras/Raf and MAPK signaling. PKC activation has also been
shown to down-regulate DNA methylation activity in human lymphocytes, indicating a
decrease in DNA methylation activity resulting from release of internal calcium stores
(Bonilla-Henao et al., 2005) (Figure 1.3.

Through TLR4 alone, there exist two distinct signaling pathways stimulated by LPS
binding with a third signaling pathway in B-cells that is also stimulated by LPS recogni-
tion. With so many pathways and interactions possible, it is small wonder that cells may
have developed an increased ability to distinguish between LPS chemotypes and mount
responses accordingly. The range of LPS chemotypes within a single preparation as well as
the range of possible cellular responses must all be taken into consideration when studying

a heterogeneous population such as isolated splenocytes.

Attenuation

Crucial to any cellular signaling cascade is appropriate regulation and attenuation. The

TLR4-ligand response is attenuated by increased tumor protein 53 (p53) levels (Liu et al.,
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2009a) and through a gradual decrease in plasma membrane TLR4 (Husebye et al., 2006).
p53 is a transcription factor capable of transactivating genes with functions including cell
cycle arrest, apoptosis, and metabolic changes (Green and Kroemer, 2009). In rat liver,
TCDD attenuates p53 phosphorylation (and so transcriptional activity) by increasing extra-
cellular signal-regulated kinase (ERK)-mediated murine double minute 2 oncogene (Mdm2)
phosphorylation (a post-translational negative regulator of p53)
(Paajarvi et al., 2005; Worner and Schrenk, 1996; Green and Kroemer, 2009).

Hepatocyte growth factor-regulated tyrosine kinase substrate (Hrs) directs the local-
ization of LPS-bouﬁd TLR4 into endosomes-like structures after 1 hr of LPS stimulation
(Husebye et al., 2006). This decrease in TLR4 at the plasma membrane is critical to regulate
nuclear factor k-light-chain-enhancer of activated B-cells (NFxB) activation, with cellular
Hrs knockdown eliciting a 70% increase in LPS-induced NFxB activation (Husebye et al.,
2006). Without Hrs-mediated downregulation of TLR4 signaling, the cell may become
hypersensitive to LPS-stimulus, producing large quantities of inflammation factors and
inducing septic shock.

Increased levels of receptor-interacting serine-threonine kinase (RIP) down-regulate
PTEN through NFxB-independent pathways (Park et al., 2009) and so increases the activa-
tion of Akt while decreasing the production of IP3 and DAG from PIP3. RIP is essential
for the TAK1-dependent TLR4 activation of PI3K (Vivarelli et al., 2004) and suppresses
forkhead box protein O (FoxO) transcription factors, so downregulaing cyclin-dependent
kinase inhibitor 1B (p27kip 1) and favoring cell cycle progression (Park et al., 2009).
However, the MyD88 mediated rapid NF«xB activation and related inflammatory cytokine
production is separate from the LPS-stimulated survival signals mediated by RIP in spleno-

cytes (Vivarelli et al., 2004).
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TLR4 gene expression is repressed by DNA methylation and histone deacetylation in
the gene’s 5’ region (Takahashi et al., 2009), modifications that inhibit the recognition and
binding of transcription factors through induction of a condensed chromatin conformation
so repressing gene transcription. This may represent an epigenetic mechanism by which

cells control sensitivity to an LPS stimulus.

1.1.5 NF«xB Signaling

One of the signaling cascades which is crucial to cell signaling and survival, the NFkB
pathway is stimulated through MAPK-mediated activation of IKK. Activated IKK induces
IxB phosphorylation and degradation necessary for the release of NFxB. Functional IKK
protein is crucial to B-cell survival, with conditional loss of IKK (a, B, or y) resulting
in decreased number of B-cells with impaired survival (Claudio et al., 2006). IxkBa loss
further results in an increased number of B-cells hyperresponsive to stimulation (Claudio
et al., 2006). NFxB is a transcription factor, that when released from IxBa accumulates
in the nucleus where it is able to affect transcription of many genes (Heiss et al., 2001)
with constitutive activation inducing cell proliferation and apoptotic resistance (Amit and
Ben-Neriah, 2003). Activation of NFxB negatively regulates PTEN transcription and p53
transcriptional activity yet is insufficient to promote survival of LPS-stimulated B-cells

(Vivarelli et al., 2004).

1.1.6 Akt Signaling

Akt signaling is critical for survival and metabolic fitness (Patke et al., 2006) (Woodland
et al.,, 2008). Appropriate Akt signaling prevents apoptosis through inhibition of Bim

production, a process dependent upon mTOR (activated by Akt phosphorylation and inhibi-
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Figure 1.3.: Schematic repr ion of Akt signali Appropriate Akt signaling
prevents apoptosis through inhibition of Bim production, a process dependent upon mTOR
(activated by Akt phosphorylation and inhibition of TSC2, a negative regulator of mTO_R).
Akt is also capable of inactivating FoxO transcription factors, so inhibiting p27k’1’ 1
transcription and regulating cell proliferation. Phlpp is a dominant phosphatase control-
ling cell cycle via specifically opposing Akt actions on p27k'p 1 phosphorylation state

tion of TSC2, a negative regulator of mTOR) (Hahn-Windgassen et al., 2005)

(Figure 1.3). Deregulation of Akt is highly iated with tumori is in h and

mice (Blanco-Aparicio et al., 2010). Akt is also capable of inactivating FoxO transcrip-
tion factors, so inhibiting p27kip 1 transcription and regulating cell proliferation (Medema
et al., 2000) (Tran et al., 2003). Specifically, FoxO3 promotes p53 cytoplasmic accumula-
tion and so cell survival (Green and Kroemer, 2009).

BCR crosslinking leads to Akt hyperphosphorylation and so activation (Ishiura et al.,
2010). The BCR-induced activation of Akt requires PI3K and Syk (Li et al., 2002). IgM-
bearing B-cells utilize B-cell scaffold protein with ankyrin repeats (Bank1) (a gene capable

of limiting BCR-mediated Akt activation) to decrease signal strength and prevent a hyper-



IgM response (Aiba et al., 2006). Lyn is also a potent endogenous inhibitor of BCR-
mediated activation of Akt (Li et al., 2002).
552

Upon activation, Akt can directly phosphorylate B-catenin at Ser in vitro and in
vivo causing B-catenin to disassociate from cell-cell contacts and accumulate in the nucleus
(Fang et al., 2007). In the nucleus, B-catenin complexes with T-cell factor/transcription
factor (Tcf) to affect transcription of many genes. All three isoforms of Akt contain at least
6 putative Tcf/B-catenin binding sites (Dihlmann et al., 2005). Expression of Akt is also
regulated by AP-1 and NFkB, as evidenced by the existence of putative binding elements
within their promoters (Dihlmann et al., 2005).

Akt signaling is specifically attenuated by Phlpp (a dominant phosphatase) isomers,
with different Akt isomers individually targeted by Phlpp isomers. For example, Phlpp2

controls cell cycle via specifically opposing Akt3 actions on p27kip 1 phosphorylation

state (Brognard and Newton, 2008).

1.1.7 BCR Signaling

The B-cell receptor (BCR) is composed of an immunoglobulin molecule in complex
with, CD79a, and CD79b. Antigen binding to the immunoglobulin molecule induces
signaling through the BCR to Syk and Lyn which activate Bruton’s tyrosine kinase (Btk).
Syk has been shown to be important in B-cell emigration (Cariappa and Pillai, 2002). Btk
activity is increased upon BCR crosslinking and its deficiency results in reduced B-cell
proliferation in response to LPS-stimulation (Baba et al., 2001). In the absence of Btk,
most mature follicular B-cells fail to survive (Cariappa and Pillai, 2002). Activation of

Src-family kinases such as Btk requires CD45 (Cariappa and Pillai, 2002). B-cells from
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mice deficient in Lyn, Btk, PI3K, BLNK, or phospholipase C y (PLCy) exhibit impaired
proliferative responses to LPS-stimulation (Yang and Desiderio, 1997).

Similar to variegated responses occurring through TLR4 signaling, BCR signaling alters
the fate of B-cell differentiation in response to different stimuli and environments. BCR
inhibits some forms of B-cell differentiation, with increased BCR signaling decreasing
differentiation of maturing B-cells into mid-zonal B-cells (Pillai and Cariappa, 2009) and
persistant signaling abolishing LPS-induced plasma cell differentiation (Kurosaki, 1999).
In other situations, strong BCR signaling favors follicular development (Pillai and Cariappa,
2009) and is required for maintenance of all peripheral B-cell populations (Cariappa and

Pillai, 2002).

1.2 TCDD

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is a widespread environmental contam-
inant with high lipophilicity, accumulating in the fat of carnivorous animals (including
humans). TCDD is a polychlorinated dibenzodioxin and the most potent compound within
its family. Mammalian effects of TCDD exposure include wasting, hepatotoxicity, cardio-
toxicity, chloracne, death, and immunotoxicity. Specific immunologic aberrations observed
in mice exposed to TCDD include the inability to mount an innate immune response to LPS
challenge. For this reason, it is a useful compound in the evaluation of events necessary to

the differentiation of B-cells.

1.21 TCDD Signaling

Cytoplasmic TCDD binds the AhR, which is commonly found in complex with AIP,

p23, and 2 Hsp90 molecules. Binding of TCDD to the AhR induces release of all chaperone
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Figure 1.4.: TCDD Signaling through the AhR. Cytoplasmic TCDD binds the AhR,
which is commonly found in complex with AIP, p23, and 2 Hsp90 molecules. Binding
of TCDD to the AhR induces release of all chaperone proteins and translocation of the
TCDD-bound AhR to the nucleus where it binds ARNT. In the nucleus, the AhR/ARNT
dimer binds to AREs in the promoter regions of genes and regulates their transcription.

proteins and translocation of the TCDD-bound AhR to the nucleus where it binds ARNT

and initiates transcription of several genes including Cyplal, NF-E2 related factor 2 (Nrf2),

H

glutathione S-transferase, alpha 1 (Ya) (Gstal), aldehyde dehydrog 3 family,
Al (Aldh3al), and epiregulin (EREG) (Nebert et al., 2000) (Figure 1.4). Phosphorylation

of the charged linker region of Hsp90 modulates formation of a functional cytosolic AhR
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complex (Puga et al., 2009). Although the chaperone protein complex maintains the AhR
in a cytoplasmic state receptive to ligand binding, transcriptional functions of the AhR
do not seem affected when the Hsp90 association with co-chaperone proteins is inhibited
(Middendorp et al., 2003).

In the nucleus, the AhR/ARNT dimer binds to dioxin response elements (DREs) in the
promoter regions of genes and regulates their transcription (Figure 1.4). The prototypical
gene used to assess AhR-regulated transcription is Cyplal. Within 15min of TCDD treat-
ment, E1A binding protein p300 (p300) is recruited to DREs within the Cyplal promoter
region (Sutter et al., 2009). p300 further serves to recruit other transcription factors to the
gene and initiate transcription. AhR binding to DREs is reduced by DNA methylation
within the gene enhancer region (Shen and Whitlock, 1989), so also reducing TCDD-
induced gene transcription. Hypermethylation of the Cyplal regulatory region causes a
decrease in TCDD-induced gene expression (Okino et al., 2006), suggesting the possibility
of an epigenetic mechanism in regulating response to TCDD exposure. Global hyper-
methylation upon embryonic exposure to TCDD is also accompanied by an increase in
DNA methyl transferase activity (Wu and Sun, 2006), supplying additional evidence that
TCDD may elicit epigenetic response within exposed cells.

Other transcription factors are also recruited to DREs along with the AhR. Estrogen
receptor (EsR)a is recruited to AhR target genes in a TCDD-dependent manner and
enhances target gene expression (MacPherson et al., 2009). Crosstalk occurring through
the recruitment of EsR to DREs bound by activated AhR plays a role in tumor promotion
(Matthews and Gstafsson, 2006). PKC inhibition blocks ligand-induced DNA-binding of
AhR/ARNT heterodimer and leads to suppression of cytochrome P450, family 1 (Cypl)

gene expression (Puga et al., 2009).
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After activation, AhR is quickly exported to the cytosol where it is degraded by the
26s proteasome, preventing constitutive receptor activity (Puga et al., 2009). The AhR is
not required to generate a normal immune response, yet is obligatory in TCDD-induced
immune response suppression (Vorderstrasse et al., 2001). Although immune response
generation is normal in AhR-deficient animals, the doubling time of AhR-deficient cells is
increased as compared to wild type (WT) cells (Ma et al., 2004). The functional AhR is
not required for MAPK and PLC activation nor for JunB and c-Fos induction in response
to TCDD (Puga et al., 2009) (Beebe et al., 1990), indicating that many important signaling
pathways affected by TCDD exposure are regulated in a non-classical (AhR-independent)
manner.

Some genes are expressed via a RelB/AhR transcriptional promoter recognition that
does not require ARNT and involves signaling through the non-classical NFkB pathway
(Matsumura, 2009). AhR activation also leads to time-dependent induction of BAFF, B-
lymphocyte chemoattractant (BLC), chemokine (C-C motif) ligand 1 (CCL1) and IRF3 in
human m¢s, inductions that require RelB (Vogel and Matsumura, 2009) and likely occur
through crosstalk between the non-classical NFxB and the AhR pathways.

There is no evidence of direct DRE-mediated involvement in TCDD-induced alter-
ations in Pax5 or Blimpl regulation (Schneider et al., 2009). Instead, activated AhR
downregulates AP-1 binding to the Blimp] promoter region (Schneider et al., 2009). This
may be the mechanism by which TCDD affects JunB and c-Fos induction even in cells
without a functional AhR. Blimp1 binding to the Pax5 promoter is then suppressed by
TCDD, resulting in decreased inhibition of Pax5 (Schneider et al., 2009).

Activated AhR also interacts with the RB/E2F axis (Puga et al., 2009) in order to
suppress E2F transcriptional activity. Hyperphosphorylated retinoblastoma protein (RB)

Protein cannot adequately repress E2F activity (Puga et al., 2009), so increasing transcrip-
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tion of cell cycle regulatory and DNA replication genes necessary for B-cell differentiation
or tumor generation.

AhR activation further increases Nrf2 expression and subsequent binding to AREs
(Yeager et al., 2009). In response to inflammation, a crosstalk may occur between Nrf2/ARE
binding and NFxB signaling pathways (Prawan et al., 2008). Ablation of Nrf2 levels
accelerates NFxB-mediated pro-inflammatory reactions (Li et al., 2008). The opposite is
also true, in that Nrf2 activators attenuate LPS-induced NFxB activation (Li et al., 2008).
Oxidants impede Nrf2 degradation, increasing its translocation to the nucleus, and likely
reducing NFxB-mediated pro-inflammatory reactions through competition for binding to
AREs (Li et al., 2008). LPS signaling through TLR4 exposure also induces oxidant stress
through nitric-oxide generation, but the increase iﬁ oxidants due to LPS exposure induces
septic shock and increases the incidence of septic shock (Zhang et al., 2000). Nrf2 signaling
has thus been identified as a mechanism by which cells are protected from LPS-induced
inflammatory response (Thimmulappa et al., 2006). However, when induced by TCDD
exposure prior to LPS challenge the reduction in inflammatory response induced by Nrf2
signaling may be exaggerated to such an extent that instead of protecting against LPS-
induced septic shock, it actually inhibits response to the challenge and so limits appropriate

B-cell differentiation.

1.3 Epigenetics

Conrad Waddington originally defined epigenetics as the study of mechanisms by which
genotypes give rise to phenotypes during development (Waddington, 1957). The definition

was later modified by Arthur Riggs and colleagues to state “the study of mitotically and/or
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meiotically heritable changes in gene function that cannot be explained by changes in DNA
sequence” (Russo et al., 1996).

Epigenetic patterns of regulation can be passed from parental to filial generations of
both cells and whole organisms. More transient occurrences are also identified in which
various stages of cellular development and differentiation are regulated epigenetically,
followed by complete erasure of the epigenetic mark(s) (Bird, 2007). Four specific forms of
epigenetic regulation are small non-coding RNA, histone code, tissue-specific transcription
factors (Liu et al., 2009b), and DNA methylation. Although these mechanisms are labeled
and defined separately, no epigenetic mechanism functions in total isolation and the study

of any in isolation will not fully evaluate the interactions occurring within the cell.

1.3.1 Small Non-coding RNA

Non-coding RNA’s are functional RNA molecules that are not translated into protein.
These RNA genes code for functionally important RNAs such as transfer RNA, ribosomal
RNA, micro RNA (miRNA), and silencing RNA. Transfer and ribosomal RNA’s are critical
for transcription and translation processes in the cell. Through partial complement to
messenger RNAs, miRNA downregulates the concentration of mature mRNA in higher
order eukaryotic cells. Through an evolutionarily-conserved antiviral mechanism, double
stranded RNA is recognized by the Dicer protein which digests the double stranded RNA
into ~20 nucleotide segments, thus inhibiting translation into protein (Csorba et al., 2009).
siRNA’s have recently been described as having longer lasting epigenetic effects than
simple destruction of mRNA. These long lasting effects are mediated by DNA methylation
of the targeted gene’s promoter region resulting in gene silencing before mRNA transcrip-

tion (Hawkins et al., 2009).
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1.3.2 Histone Code

Histones associate with DNA and form nucleosomes composed of two copies each of
core histones H2A, H2B, H3 and H4 and wrapped by 146bp of DNA with flexible N-
terminus histone tail. Often, the tail is modified in the form of methylation, acetylation,
ubiquitination, and/or phosphorylation in order to affect chromatin structure. Acetylated
histones tend to preferentially associate with transcriptionally active chromatin (Hebbes
et al., 1988). Several transcriptional activators such as GenS, p300/CBP, PCAF, TAF250,
and the p160 family of nuclear receptor coactivators contain intrinsic histone acetyl-
transferase activity which is required for their transcriptional regulatory activity (Roth et al.,
2001; Wang et al., 1998). Histone methylation, unlike acetylation, remains relatively static
and the precise regulatory role of histone methylation has not yet been elucidated (Zhang
and Reinberg, 2001). Histone ubiquitination plays a critical role in regulating processes
such as transcription, silencing, and DNA repair (Weake and Workman, 2008). Histone
phosphorylation results in disparate regulation, with H2A phosphorylation resulting in
mitotic chromosome condensation and H3 phosphorylation occurring after DNA-damaging
events or correlating with gene activation (Grant, 2001). Formation of a condensed
chromatin state causes genes to become inaccessible to transcription factors and DNA

replication proteins.

1.3.3 Tissue-specific Transcription Factors

Often transcription factors are regulated in a developmental or tissue-specific manner.
Recent evidence from the Tjian laboratory suggests that global changes in cell-type specific
transcription may be facilitated by significant changes in general transcription factors such

as TFIID, BAF, and Mediator (D’Alessio et al., 2009). The core transcription machinery,
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that previously was assumed to operate in all cells, has been shown to be dramatically
downregulated in some cell types while distinct transcription activating factors are thought
to regulate distinct gene expression profiles (D’ Alessio et al., 2009). Evidence suggests that
tRNA and rRNA transcription, previously hypothesized to utilize TATA-binding protein
(TBP) in the promoter recognition complex, may actually use related factors specific to the
tissue in which the genes are transcribed. Disregulation of the appropriate expression of
these cell-type specific transcription factors may result in inappropriate gene regulation and

so differentiation or development.

1.3.4 DNA Methylation

DNA methylation, in the form of 5’-methylcytosine, normally occurs at ~70%-80%
of CpG dinucleotides (Naveh-Many and Cedar, 1981a; Craig and Bickmore, 1994), a
sequence particularly abundant in gene promoter regions (Kristensen and Hansen, 2009).
CpG dinucleotide methylation protects healthy cells from inappropriate transcription of
repetitive elements such as long interspersed nuclear elements (LINEs) and Alu repeats
(Walsh et al., 1998) and may also help maintain chromosomal stability (Eden et al., 2003).
Altered DNA-methylation, an epigenetic mechanism that plays a regulatory role in gene
expression, has been proven to play multiple roles in carcinogenesis, development, and
differentiation (Kurkjian et al., 2008) with unique methylomes observed in diverse cell
types as well as gender-specific imprinting. A decrease in DNA-methylation results in
reduced global histone deacetylase (HDAC) recruitment, decreased chromatin condensa-
tion, and increased gene expression (Martinowich et al., 2003). In addition to regulating
the expression of genes, DNA methylation also reduces the mobility of transposons (Kato

et al., 2003).
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Four models of gene regulation through DNA methylation have been proposed:

1) Direct DNA-methylation: methylation in the promoter region of a gene inhibits
binding of transcription factors while methylation in the intron(s) of a gene inhibits proper
splicing (Mares et al., 2001; Decker et al., 2009)

2) DNA-methylation of an enhancer’s promoter: methylation resulting in the increased
binding of the enhancer to the genes promoter region and so increased transcription (Mares
et al., 2001; Decker et al., 2009)

3) DNA-methylation of an insulator region: methylation upstream of an enhancer
element results in neutralization of the insulator region and increased gene transcription
(Hark et al., 2000)

4) Increase in DNA-methylation resulting in global recruitment of HDACs: induced
condensed chromatin conformation reduces transcription factor access, so reducing gene
expression (Baylin, 2005)

Methyl groups are transferred to and from DNA via DNA methyltransferase (DNMT)s
and putative demethylases. All DNMTs use S-adenosyl methionine (SAM) as a methyl
group donor in an Sp;2 inversion reaction (Ulrey et al., 2005). DNMTI is the must
abundant mammalian DNA methyltransferase and is key to DNA methylation mainte-
nance through copying methylation patterns on newly-duplicated hemi-methylated DNA.
DNMT3 DNA methyltransferases methylate hemimethylated and unmethylated CpG
regions. Specifically, DNMT3a and DNMT3b mediate de novo DNA methylation while
DNMT3L is required for establishing maternal genomic imprints (Fatemi et al., 2002). In
MZ and follicular B-cells, DNMT3a expression is differentially regulated.

DNA methyltransferases form a covalent bond between a cysteine residue in the
enzyme’s active site and a cytosine’s C6 in DNA. Proper bond formation is followed by

attack upon the methyl group of SAM. Proton abstraction from the DNA cytosine’s C5
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followed by B-elimination allows reformation of the C5-6 double bond and release of the
enzyme and methylated DNA. While the methyl group is transferred to the DNA, the target
cysteine is actually flipped out of line of the other nucleotides. When 5’-azacytidine is
targeted by DNA methyltransferases, the saturated C5-6 bond mimics the transition state

3

of cytidine formed prior to methyl transfer and the sp~ character of C6 abrogates nucle-
ophilic attack (Christman, 2002).

Treatment with 5’-azacytidine (an inhibitor of methyltransferase activity when
incorporated into DNA or RNA during replication, causing global demethylation) results
in almost complete abolishment of follicular B-cells while leaving MZ B-cells numbers
relatively intact, indicating the importance of differential DNA methylation mechanisms
and states in regulating the localization and development of B-cells within the spleen
(Wang et al., 2006). Studies of the A5-VpreB1 locus methylation status have discovered an
increase in methylation status during the pre-B-cell stage, followed by an almost complete
attenuation of all DNA methylation in mature B-cells (Szutorisz et al., 2005).

LPS challenge induces aberrant hypermethylation of hypermethylated in cancer-1 (Hic-
1) exon 1a in mouse embryonic fibroblasts lacking pS3 and (unchallenged) human follicular
lymphomas (Tatemichi et al., 2008; Guo et al., 2005). This would indicate that hyper-
methylation of Hic-1 is important during rapid proliferation of cells. However, no further
research suggesting altered DNA methylation in response to LPS challenge has been
published. Because a clear genetic mechanism for crosstalk between LPS-regulated B
cell differentiation and TCDD signaling has not yet been discerned, it is possible that this
crosstalk may occur through epigenetic events.

Hypermethylation of the PTEN promoter in cerebral cavernous malformations has been

linked to a significant downregulation in protein expression (Zhu et al., 2009). Increased
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methylation of PTEN has also been associated with increased alterations in the PI3K/Akt

pathway and degree of tumor aggression in thyroid tumors (Hou et al., 2008).

1.4 Hypothesis

This work was designed to address two related but distinct hypotheses:

1) epigenetic events might, in part, underly B-cell differentiation to plasma cells

2) epigenetic events might, in part, underly TCDD-induced inhibition of LPS-induced
B-cell differentiation

To test these two hypotheses, a number of investigations were undertaken to investigate
the following sub-hypotheses:

1) DNA is differentially methylated in treated populations

2) DNA is differentially methylated within 10kb of genes

3) DNA methylation alters expression of selected genes

4) Genes exhibiting altered expression are important to B-cell differentiation

To assess the occurrence of potential epigenetic events, murine splenocytic DNA was
probed via a non-biased AP-PCR, Capillary Electrophoresis (CE) method for RAMs where
the DNA was hyper-, hypo-, or newly-methylated in comparison to DNA from control
treated animals. This method is not limited by the regions already chosen on a PCR array
and allows evaluation of total DNA for RAMs. PCR amplified DNA of the same length (in
bp) as identified RAMs was sequenced and annotated to genes and CpG islands. Although
this method precisely identifies potential RAMs, it is greatly limited by the ability of PCR
products to be ligated into the plasmid and then amplified through clonal expansion of the
host bacteria. Many promoters and enhancers with cis-acting regulatory abilities are located

within 10kb of the transcriptional start site of genes, leading to the hypothesis that should
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a RAM occur within this 10kb it may affect the regulatory capabilities of the enhancer and
promoter regions. A distance of 10kb up- and downstream of the sequenced PCR products
was examined for gene coding sequences, miRNA coding sequences, and repeat elements.
In this way, alterations in DNA methylation may have effects on gene expression were
directly observed.

Alterations in the pattern and sites of DNA methylation were identified in all treatment
groups. Of particular interest were those RAMs identified within 10kb of (a) transcription
factor-, (b) LINE repeat elements and (c) histone modifier-encoding sequences. When
coding sequences are differentially methylated, it is reasonable to hypothesize that the
expression patterns may also be altered. Therefore, through analysis of alterations in DNA
methylation, this work describes new evidence indicating that many different epigenetic
regulatory mechanisms may affect the differentiation of B-cells and the toxicity of TCDD.

RAMs were identified as a result of LPS challenge that were different (in size, location,
and methylation state) from those identified as a result of TCDD exposure. Interestingly,
over the course of preliminary evaluation, it became evident that the RAMs identified
in response to LPS-mediated activation or TCDD exposure were not identical to those
identified in response to LPS+TCDD treatment. This evidence suggests mechanisms
regulating maintenance of the DNA-methylome is altered in LPS-induced signaling, TCDD

exposure, and through a novel crosstalk mechanism occurring in concomitant treatment.
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2. DNA METHYLATION: A POTENTIAL MECHANISM OF
CROSSTALK OCCURRING IN MURINE SPLENOCYTES
EXPOSED IN VIVO TO LIPOPOLYSACCHARIDE (LPS) AND
2,3,7,8-TETRACHLORODIBENZO-p-DIOXIN (TCDD)

McClure, E.A., North, C.M., Kaminski, N., and Goodman, J.I.

a manuscript in preparation for submission to Toxicological Sciences, 2010

2.1 Abstract

B cells within the splenocyte population, isolated from mice treated with lipopoly-
saccharide (LPS), differentiate into antibody-producing plasma cells in vivo. Pretreatment
with 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) inhibits differentiation. We hypothesize
that altered DNA methylation, an epigenetic event, plays a key role in this inhibition. DNA
was isolated from splenocytes prepared 6 days post experiment initiation from 5-6wk old
female C57BL/6 mice dosed with: TCDD, 3 or 30ug/kg, on day 0; or LPS, 25ug/mouse, on
day 4, or sequentially with TCDD and then LPS on days 0 and 4, respectively. To discern
regions of altered DNA methylation (RAMs), DNA was restricted with Hpall (a methyl-
ation sensitive enzyme), followed by arbitrarily primed PCR and capillary electrophoresis.
LPS, 3, or 30ug/kg TCDD alone resulted in 40, 43 and 42 RAMs, respectively, while LPS
challenge subsequent to 3 or 30ug/kg TCDD resulted in 34 and 39 RAMs, respectively.
Interestingly, the combined treatment lead to 4 RAMs seen with LPS alone, 4 RAMs seen
with TCDD alone, and 19 RAMs observed only in the co-treatment group. These data
indicate treatment with LPS or TCDD can alter DNA methylation in splenocytes. The
combined TCDD+LPS leads to RAMs that are unique: we do not simply observe the sum

of the RAMs that form from the individual treatments. PCR products representing a number
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of the RAMs observed were cloned, sequenced and annotated. Those unique to the LPS-
TCDD combination include: Bank1 (involved in B cell receptor-induced Ca2+ mobiliza-
tion); AdcyS (membrane-bound calcium-inhibitable adenylyl cyclase); Arvcf (involved in
protein-protein interactions); CtBP2 (corepressor targeting diverse transcription regulators),
Lingo2 (leucine-rich repeat and immunoglobulin-like domain-containing nogo receptor-
interacting protein 2; Pctk3 (may play a role in signal transduction cascades); Krrl (involved
in nucleolar processing of pre-18S ribosomal RNA and ribosomal assembly). Unique
RAMs in the TCDD+LPS group indicate crosstalk between the actions of LPS to induce
B-cell differentiation and aryl-hydrocarbon receptor (AhR) signaling which, presumably,
mediates the inhibitory effect of TCDD. To our knowledge, this is the first largescale evalu-
ation of changes in DNA methylation due to LPS exposure and the first identification of
a DNA methylation-based crosstalk occurring in splenocytes exposed to TCDD prior to

LPS-challenge.

2.2 Introduction

TCDD is a widespread environmental contaminant with high lipophilicity and severe
immunosuppressive effects. Specific immunologic aberrations observed in mice exposed
to TCDD include the inability to mount an innate immune response to LPS challenge
(Kerkvliet, 2002).

LPS is a bacterial endotoxin and potent B-cell mitogen capable of stimulating the innate
humoral immune response in animals. The innate immune response occurs within 4 hrs of
initial infection, with induced innate response occurring 4-96 hrs post initial infection.
Upon stimulation with an antigen, B cells in peripheral lymphoid organs activate and

begin rapidly proliferating, thereby increasing expression of surface and secreted immuno-
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Figure 2.1.: AFCs as a Function of Treatment with LPS and TCDD. All samples are
from the same animals as used in (North et al., 2009). 6 female C57BL/6 mice per treatment
group were treated on day O via oral gavage with 0, 3, 10, or 30ug/kg TCDD; mice were
further treated on day 4 via intraperitoneal injection with O or 25ug LPS in PBS; combined
treatment included mice treated on days O and 4 as described above. AFCs was measured
on day 7. Data are depicted + standard error. a. significantly different from control. b.
significantly different from LPS treatment. Insert: Timeline showing treatment adminis-
tration, splenic tissue collection, and AFCs response measurement. Day 6 is highlighted as
the day on which this study’s samples were obtained. Figure modified from data reported
in (North et al., 2009)

globulin M (IgM) (Dooley and Holsapple, 1988). A lack of increased IgM expression and
secretion is indicative of B-cell activation and suppression of proliferation in response to
LPS exposure.

Murine TCDD-induced immunological suppression is observed both in vivo and in vitro
(North et al., 2009) and is easily measured as a suppression of IgM secretion. Maximum in
vitro suppression of primary sheep erythrocyte IgM response observed at 30ug/kg TCDD

in C57BL/6 mice (Figure 2.1) (Vecchi et al., 1980). Immune suppression in splenocytes
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treated in vivo with TCDD+LPS is also accompanied by decreased B-lymphocyte-induced

maturation protein 1 (Blimp1) expression, decreased cD19™t cells, decreased expression

of immunoglobulin J (IgJ), k, and u chains, and decreased major histocompatability complex
(MHC) class II expression (North et al., 2009).

Genomic effects of TCDD in animals are mediated through binding to the AhR. Upon
TCDD binding, AhR releases all chaperone proteins [aryl-hydrocarbon receptor interacting
protein (AIP), heat shock protein co-chaperone p23/prostaglandin E synthase 3 (p23), and
2 heat shock protein 90kDa (Hsp90)] and translocates from the cytoplasm to the nucleus.
Here it binds aryl-hydrocarbon nuclear translocator (ARNT) and functions as a transcrip-
tional regulator binding aryl-hydrocarbon response element (ARE). The ARNT/AhR
complex upregulates transcription of NF-E2 related factor 2 (Nrf2) (Yeager et al., 2009),
which inhibits nuclear factor x-light-chain-enhancer of activated B-cells (NFkB) activation.

Upon systemic challenge, LPS binding to toll-like receptor 4 (TLR4) stimulates an
intracellular signaling cascade terminating in the phosphorylation of interferon regulatory
factor 4 (IRF4) (Takeda and Akira, 2004). IRF4 indirectly increases Blimp1 expression by
inhibiting B-cell lymphoma 6 protein (Bcl6) and paired box protein 5 (Pax5) expression.
Together Bcl6, Blimpl, and Pax5 create a reciprocally repressing transcription factor
‘switch’ which terminates in Pax5’s inhibiting IgM production. The ‘switch hypothesis’
anticipates an increase in IRF4 activity (as expected post TLR4 stimulation) to decrease
Bcl6 and Pax$ transcription, thus upregulating Blimp1 transcription and IgM expression.

TCDD-induced inhibition of the primary humoral immune response likely occurs
upstream of antibody (IgM) production (North et al., 2009). Specifically, recently published
evidence indicates negative regulation of IgM production resulting from failure of TCDD-
exposed splenocytes to upregulate Blimp1 expression (North et al., 2009). In which stage

of upstream signaling pathways TCDD inhibits Blimp1 expression is not well understood.
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In 1989, Shen et al. published data suggesting DNA-methylation within the cytochrome
P450, family 1, subfamily A, polypeptide 1 (Cyplal) promoter reduces the response to
TCDD exposure (Shen and Whitlock, 1989). Epigenetic mechanisms of regulation, such
as DNA methylation, occur through the addition of mitotically and/or meiotically heritable
changes to gene function that do not entail changes in DNA sequence (Wu and Sun, 2006).
Epigenetic regulation can be transient, as identified in cellular development and differ-
entiation. DNA methylation, in the form of 5’-methylcytosine, normally occurs at 40-
80% of CpG dinucleotides, with non-CpG methylation occurring as up to 55% of total
cell methylation (Naveh-Many and Cedar, 1981a; Dupont et al., 2009; Ramsahoye et al.,
2000). An increase in DNA-methylation results in the recruitment of histone deacetylase
(HDAC) and induction of condensed chromatin conformation that decreases transcription
factor binding, thus reducing gene expression. A decrease in DNA-methylation results
in reduced HDAC recruitment, decreased chromatin condensation, and increased gene
expression (MacDonald and Roskams, 2009).

LPS challenge has been proven to induce aberrant hypermethylation of hypermethyl-
ated in cancer-1 (Hic-1) exon 1a in mouse embryonic fibroblasts lacking tumor protein 53
(p53) (Tatemichi et al., 2008). However, to the best of our knowledge, no further research
suggesting altered DNA methylation in response to LPS challenge has been published.

We hypothesize that signaling due to LPS, TCDD, or combined treatments is regulated,
in part, by altered DNA methylation. To test this hypothesis, we have assessed the methyl-
ation status of splenocyte DNA treated in vivo with LPS, TCDD and LPS+TCDD. The
genomically unbiased method chosen includes arbitrarily primed PCR followed by capillary
electrophoresis, sequencing of PCR products, annotation to genes, and pathway analysis.
This method has allowed the identification of many region of altered DNA methylation

(RAM)s resulting from LPS, TCDD, and TCDD+LPS treatments. Specifically, we have
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demonstrated the occurrence of DNA methylation crosstalk, wherein the methylation status
of combined treatments is different from that in either treatment alone, when mice are
concomitantly treated with TCDD and LPS. Annotated genes include many important for
cell survival, apoptosis, and B-cell signaling. Cumulatively, these observations suggest
a significant role of DNA methylation in regulating LPS and TCDD effects in vivo and
suggest a role for DNA methylation in the TCDD-induced inhibition of B-cell stimulation

by LPS.

2.3 Materials and Methods

2.3.1 Preparation of in vivo Splenocyte Samples

Chemicals

TCDD was purchased from Accustandard (New Haven, CT) and prepared in sesame
oil (Sigma-Aldrich, St. Loius, MO). Salmonella typhosa LPS (Sigma-Aldrich, St. Louis,

MO) was prepared in PBS immediately prior to administration.

Animals

Mice, treatments, and splenocyte collection were described previously (North et al.,
2009). The same splenocyte samples from those animals sacrificed upon day 6 (post LPS
exposure) in the previous study (North et al., 2009) were used for this study. Female 6-8
week old C57BL/6 mice were purchased from the National Cancer Institute and housed in
accordance with Michigan State University Institutional Animal Care & Use Committee
policy. On day 0, TCDD (0, 3, 10, or 30ug/kg in sesame oil) was administered by single

oral gavage. On Day 4, to initiate primary humoral immune response, LPS (0 or 25ug
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in PBS) was administered by intraperitoneal injection. Spleen samples were collected on
days 4-7 from all treatment groups (6 animals per group). Splenocytes were mechanically
disrupted to form single-cell suspension and stored at -80°C. Mice from day 4 that received
only TCDD or vehicle treatment, were used to establish baseline TCDD effects (measured

by AFCs response from samples collected on day 7) (Figure 2.1).

2.3.2 Evaluation of DNA Methylation Status by AP-PCR and CE

Changes in DNA methylation status were evaluated using an Arbitrarily Primed PCR
(AP-PCR) and Capillary Electrophoresis (CE) procedure (Bachman et al., 2006). This
technique permits evaluation of genomic RAMs including hypomethylations (less methyl-
ation than that observed in control), hypermethylations (more methylation than that
observed in control), and new methylations (methylation not observed in control) simul-
taneously. Most importantly, the procedure is unbiased in that it does not involve an evalu-
ation of preselected genes but rather all genomic regions targeted by the restriction enzymes

and arbitrary primer.

DNA Isolation

Single cell splenocyte suspensions were removed from -80°C and mixed with 1mL,
4°C TRIzol® Reagent (Sigma-Aldrich, St. Louis, MO) before homogenizing completely
using a Dounce homogenizer. DNA was isolated according to the manufacturers (Sigma-
Aldrich, St. Louis, MO) protocol and precipitated with ethanol before dissolution in

NaOH/HEPES buffer (pH=8.4) and storage at -20°C.
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Restriction Digest

Each isolated DNA sample was subjected to double restriction digestion performed
in duplicate as previously described (Bachman et al., 2006). Preliminary digestion with
a methylation-insensitive enzyme, Rsal, ensures complete digestion by the methylation-
sensitive enzyme, Hpall. Rsal recognizes 5’-GTAC-3’ sites and cuts between the guanine
and adenine, but will not restrict DNA if the external cytosines (5’ and 3’) are methylated.
Hpall recognizes 5’-CCGG-3’ sites and cuts between the internal cytosine and guanine

when unmethylated.

AP-PCR and CE Analysis of DNA Products

AP-PCR and CE were performed as described previously (Phillips and Goodman, 2009).

Data Analysis

PCR products were evaluated with regard to size (in base pairs) and corresponding peak
areas as measured by CE. An average peak area was calculated for each PCR product in
treatment groups and compared to that of the control group. Regions of altered methyl-
ation (RAMs) were identified as DNA regions in treatment groups with PCR products
significantly (as determined by Students two-tailed t-test, p<0.05) different in area than that
of the control group. RAMs include: a) complete hypomethylations (i.e. 100% decrease
from methylation status observed in control) and partial hypomethylations (significant
decrease in methylation when compared to control); b) hypermethylations (significant

increase in methylation when compared to control); and ¢) new methylations (PCR product
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formed in treatment that did not form in control). A detailed description of the data analysis

procedure was provided previously (Bachman et al., 2006).

Carry Forward and Unique RAMs

One-way analysis of variance (ANOVA) was performed to compare RAMs (occur-
ring at the same PCR product size in >2 treatment groups). Common RAMs with the
same change in methylation status (one-way ANOVA, p<0.05) in treatment groups were
identified as Carry Forward RAMs. Unique RAMs include: 1) RAMs exhibiting different
extents of methylation change in the same direction (one-way ANOVA, p<0.05); 2) RAMs
in common, which exhibited opposite directional changes; and 3) RAMs observed in only

1 treatment group.

2.3.3 Cloning and Annotation of RAMs

Cloning and Sequencing of AP-PCR Products

AP-PCR products were electrophoresed through a 3% High Resoluion agarose gel
(Sigma-Aldrich, St. Loius, MO). PCR products were excised and DNA was isolated
using Ultrafree-DA Columns (Millipore, Billerica, MA), and used for cloning reactions
prepared with the pGEM-T Easy Vector System (Promega, Madison, WI) and Escherichia
coli IM109 competent cells (Promega, Madison, WI). Clones that contained PCR product
inserts were purified and sequenced using T7 sequencing primers as outlined in pGEM-
T Easy Vector Technical Manual (Promega, Madison, WI) at the Research Technology
and Support Facility (Michigan State University, East Lansing, MI) using an ABI 3730x1

Genetic Analyzer.
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Comparison of the sizes of cloned and sequenced AP-PCR products to the sizes of

RAMs

For sequenced inserts, the sizes of cloned products were compared with the sizes of
identified RAMs as described previously (Phillips and Goodman, 2009). Six animals per
experimental group were used and restriction digestions performed in duplicate, followed

by AP-PCR, for a total of 12 reactions.

RAM Annotation to Genes

BLAST like alignment tool (BLAT) database searches (UCSC Genome Browser, July
2007 mouse  assembly, http://genome.ucsc.edu/cgi-bin/hgBlat?command=start
&org=mouse) determined in which regions of the genome sequenced RAMs occurred.
RAMs were classified according to a scheme (Figure S.1) that indicates location in relation
to a gene (e.g., within an intron, overlapping an exon, overlapping the transcriptional start
site, or within 10kb of a gene). Genes identified as being within 10kb of a RAM are
referred to as annotated genes. RAMs were also categorized by chromosomal location and

gene function (Table S.2).

PCR Products Annotating to >2 RAMs

Those PCR products of size (as measured post-sequencing) within 2bp of both a carry
forward and unique RAM could not be definitively labeled and are designated uncertain
(CF/U). For example: the 237bp PCR product sequenced from 30ug/kg TCDD+LPS treat-
ment could annotate to a 239bp carry forward new-methylation or a 238bp unique new-

methylation and is designated as uncertain.
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DAVID and GO Analysis of Annotated Genes

The Database for Annotation, Visualization and Integrated Discovery (DAVID) 2008
(Huang et al., 2008) was used to investigate the functions of annotated genes. With this
program, Gene Ontology (GO) Ashburner et al. (2000) information is efficiently examined
for all genes annotating to particular cell processes. Major processes examined were
apoptosis, calcium ion storage, cell cycle, differentiation, proliferation, chromatin
modification, innate immunity, ion homeostasis and transport, kinase activity, protein trans-
port, oxidoreductase activity, transcription, ubiquitin cycle, and vesicle-mediated transport

(Tables 2.3 and S.3).

Pathway Analysis of Annotated Genes

Pathway Studio 6.0® (Ariadne Genomics, Rockville, MD) was used to investigate
the functions of annotated genes. With this program, common targets (genes, functional
classes, and cellular processes affected by >2 genes annotated to RAMs) are identified.
Treatments with 30ug/kg TCDD were used because this dose exhibited significant inhibi-
tion of the primary IgM antibody response (Figure 2.1). Pathway Studio 6.0® was also
utilized to uncover documented links between RAMs and B-cell or epigenetic processes
including: chromatin remodeling, gene silencing, receptor internalization, mitogenesis,
mRNA splicing and stabilization, NO biosynthesis, WNT signaling, differentiation,
programmed cell death, protein degradation and folding, receptor mediated endocytosis,
transcription initiation, xenobiotic clearance, cell development and fate, cell migration,
DNA damage recognition, calcium ion homeostasis, DNA recombination, oxidative stress,

translation, DNA replication, apoptosis, and survival (Figures 2.3 and 2.4).
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2.4 Results

2.4.1 RAM Identification

Hypo-, hyper-, and newly methylated RAMs were observed in splenocytes from all
female C57BL/6 mice treated with (0, 3, or 30ug/kg) TCDD and (0 or 25ug) LPS when
compared to those mice treated with only vehicle. Many individual RAMs occurred in
more than one treatment group as carry forward RAMs, i.e., observed at both doses of
LPS or TCDD, or observed following treatment with LPS or TCDD and also seen in an
LPS+TCDD treatment (Figure 2.2).

Treatment with LPS resulted in 32 hypo-, 3 hyper-, and 5 new-methylations. Treatment
with 3ug/kg TCDD resulted in 12 hypo-, 13 hyper-, and 18 new- methylations while treat-
ment with 30ug/kg TCDD resulted in 37 hypo-, 1 hyper-, and 4 new-methylations. RAMs
that carried forward from 3 to 30ug/kg TCDD were limited to 6 hypomethylations. The 1
hyper- and all 4 newly methylated RAMs observed in 30ug/kg TCDD were unique to that
treatment (Figure 2.2).

Treatment with 3ug/kg TCDD+LPS resulted in 29 hypo-, 1 hyper-, and 4 new-
methylations. RAMs that carried forward from a single treatment group to
3ug/kg TCDD+LPS include 3 hypo- (LPS), 3 hypo- (3ug/kg TCDD), and 1 new-methylation
(3ug/kg TCDD+LPS). RAMs that carried forward from two treatment groups to 3ug/kg
TCDD+LPS were 2 hypomethylations (LPS and 3ug/kg TCDD). A number of RAMs
unique to 3ug/kg TCDD+LPS were identified: 1 hyper-, 21 hypo-, and 3 new-methylations.
Of these unique RAMs, many were identified as having a different methylation status
in LPS or 3ug/kg TCDD treatments: 3 unique hypomethylations in 3ug/kg TCDD+LPS
were new-methylations in 3ug/kg TCDD, 6 unique hypo- and 1 unique new-methylation in

3ug/kg TCDD+LPS were hypermethylations in 3ug/kg TCDD, 1 unique new-methylation
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in 3ug/kg TCDD+LPS was a hypomethylation in both LPS and 3ug/kg TCDD, 1 unique
new methylation in 3ug/kg TCDD+LPS was a hypomethylation in LPS, and the 1 unique
hypermethylation in 3ug/kg TCDD+LPS was a hypomethylation in both LPS and 3ug/kg
TCDD (Table S.2 and data not shown). Of the 12 remaining unique hypomethylated RAMs
observed in 3ug/kg TCDD+LPS, none were the same size as RAMs observed in LPS or

3ug/kg TCDD (Figure 2.2).

42



K[oreredas pajordap are suonejAylow-mau pue ‘-1adAy ‘-odAy Sunuassaidar SWVY "SdT+dADL 3¥/810¢ pue ‘SdT+ddDL

38 ‘Aol 3W/3rpg 01 (V) AdDL 31/8rog pue ‘() SAT+AADL 3/Brg ((O) SdT () AdDL 3W/8r¢ woly premioj paued

SINVY ‘siuswiean S T+AADL 3W/3Mo¢ pue ‘SdT+AADL W/317¢ ‘Dl S/370g ut paatasqo a1am SINVY (dnoid jusunean suo Ajuo
u1 urunod0) anbiun pue (sdnoid Jusunean aiour 10 0m} Ul SULLINIS0) pIeMIO,] AR “pajedipul se qADL+SdT 10 ‘(8/38rp¢ 10 €) AdDL

‘(asnowr/Sn'g7) ST (YA PIean 0TW WOIJ PAJe[osI $31A00ua]ds JO YN Ul PAWIAISIP a1am SNV *S3jLd0udfdS ul SWVY : Z'¢ 2131

43



aaol By/bBriog
uonejAyiay MaN
v

1
uonejAyrowsadAy
|

T .

]
uonejAyldapodAy
i
1€ [

ANDINN T QAVMNOL

AWNAVI

uonejAylay MaN

8T

uonejAyrapiadAy

€T

uonejAyraodAH

4

Sd1+aaol By/brpg

\/

uonejAylay MaN

uonejAyranIadAH

3NDINN

aaol By/brig

Sd71+aadl
By/Brig

uonejAyidNodAH

QAVMYE O ANUVYI

i

uoyejAyiay MaN

T

uonejAyiay MaN

O,

uonejAyIaIadAH

uonejAydNodAH

O1810,

LI I I R R I R

| X4

uonejAyldWIdAH

©

uonejAylapodAH

3NDINN QAIVMEOL ANAVYD

G,

Sd1




Treatment with 30ug/kg TCDD+LPS treatment resulted in 20 hypo-, S hyper-, and 14
new-methylations. RAMs that carried forward from a single treatment group to 30ug/kg
TCDD+LPS include 3 new- (LPS), 1 hyper- (3ug/kg TCDD), 3 hypo-(30ug/kg TCDD),
and 3 hypomethylations (3ug/kg TCDD+LPS). RAMs that carried forward from two treat-
ment groups to 30ug/kg TCDD+LPS include 2 hypo- (LPS and 3ug/kg TCDD+LPS), 4
hypo- (LPS and 30ug/kg TCDD), 1 hypo- (30ugkg TCDD and 3 ug/kg TCDD+LPS),
and 1 new-methylation (3ug/kg TCDD and 30ug/kg TCDD). RAMs that carried forward
from three treatment groups to 30ug/kg TCDD+LPS include 1 hypo- (LPS, 3ug/kg TCDD,
and 30ug/kg TCDD), 1 hypo- (LPS, 30ug/kg TCDD, and 3ug/kg TCDD+LPS), and 1
hypomethylation (3ug/kg TCDD, 30ug/kg TCDD, and 3ug/kg TCDD+LPS). A number
of RAMs unique to 30ug/kg TCDD+LPS were identified including 4 hypo-, 4 hyper-, and
10 new-methylations. Of these unique RAMs, many hypermethylations were identified as
having a methylation status different from that observed in LPS, 3ug/kg TCDD, 30ug/kg
TCDD, or 3ug/kg TCDD+LPS treatments: 2 were hypomethylations in both LPS and
30ug/kg TCDD, and 1 was a hypomethylation in LPS (Table S2 and data not shown). Of
the remaining unique RAMs observed in 30ug/kg TCDD+LPS, 4/4 hypo-, 1/4 hyper-, and
10/10 new-methylations were not the same size as RAMs observed in LPS, 3ug/kg TCDD,

30ug/kg TCDD, or 3ug/kg TCDD+LPS (Figure 2.2).

2.4.2 RAM Annotation

RAMs were annotated to sequenced PCR products within 2bp of RAM size. Treat-
ment with LPS resulted in 40 RAMs, of which 63% were annotated to genes: 100% (3/3)
of hyper-, 59% (19/32) of hypo-, and 80% (4/5) of new-methylations. Treatment with

3ug/kg TCDD resulted in 43 RAMs, of which 56% were annotated to genes: 54% (7/13)
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of hyper-, 58% (7/12) of hypo-, and 56% (10/18) of new-methylations. Treatment with
30ug/kg TCDD resulted in 42 RAMs, of which 64% were annotated: 100% (1/1) of hyper-
, 59% (22/37) of hypo-, and 100% (4/4) of new-methylations. Treatment with 3ug/kg
TCDD+LPS resulted in 34 RAMs, of which 62% were annotated to genes: 69% (20/29) of
hypo- and 25% (1/4) of new-methylations. Treatment with 30ug/kg TCDD+LPS resulted in
39 RAMs, of which 78% were annotated: 100% (5/5) of hyper-, 73% (17/23) of hypo-, and
79% (11/14) of new-methylations. Although a large percentage of RAMs were annotated,
the chosen procedure limited complete annotation due to incomplete transfection. The
probability also exists that those sequences found in one treatment group but not another
may actually derive from both while not successfully transforming in both. However, to
limit the number of sequences examined, we have chosen to limit annotation only to those
sequences of the same size sequenced in the same treatment group(s) in which the RAM

was originally observed (Figure 2.2 and Tables 2.1-2.2, S.2).
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Lps® 3pg/kg TCDD® 30pg/kg TCDD®
Gene | NCBI RefSeq | Gene | NCBI RefSeq| Gene | NCBI RefSeq
Acyp2 | NM_029344
Ap2al |NM_001077264
Atg7 | NM_028835
Cldnl8 | NM_019815
Clic6 | NM_172469
Clstn2 | NM_022319
Col4a5 | NM_007736
Ddx54 | NM_028041
Ap2al |NM_001077264 E2F8 |NM_001013368
Cldnl8 | NM_019815 Fbx17 | NM_176959
Clic6 | NM_172469 FOIrd | NM_176807
Clstn2 | NM_022319 Illrapll |NM_001160403
Pu | Daxs4 | NM 028041 I3ra | NM_008369
S | E2F8 |NM_ 001013368 Kl | NM_178610
S| xm | NM_178610 ‘gﬁl %00117‘)2762964 Large | NM_010687
Z | Limal |[NM_001113545] ob [\ g | Limal [NM_001113545
T | Myof |NM_001099634] o o | et | Lingo2 | NM_175516
§ | Nwk2 |NM_oo01025074| "B | -t S | Luzp2 | NM_178705
B | Pgm2 | NM_028132 - Myof |NM_001099634
= | Prickle2 |NM_001081146 Nostrin | NM_181547
Six3 | NM_011381 Nptl | NM_009198
Tcf4 | NM_009333 Npt4 | NM_134069
Th | NM_009377 Pgm2 | NM_028132
Ubac2 | NM_026861 Prickle2 [NM_001081146
Six3 | NM_011381
Spbc25 | NM_025565
Tef4 | NM_009333
Th | NM_009377
Ubac2 | NM_026861
Unc5c | NM_009472
Uspl3 |NM_001013024
Wbpl | NM_016757
o
8| Lvoss | NM_is377 | Anepc? | NM 019805
& 2 Osonl |NM 001024945 | Benkl [NM_001033350| Grm2 |NM_001160353
e A e | NM 02588 | Crebpl | NM_013496 | Zp128 | NM_153802
= 8| oo | nvor1ssr | Releds | NM_009058 | Zscan22 |NM_001001447
ol >x - Theg | NM_011583
B| Thal | NM 027919 —
o Bcl7c NM_009746
g Ddx54 | NM_028041
g Glul | NM_008131
2 | sms | NM 011481 | Me9 | NM_178243 | Cdn4 | NM_009867
S | zfp128 | NM_153802 |Prickle2 [NM_001081146| Sgpp2 |NM_001004173
& |Zscan22|NM_001001447| TafSl | NP_598727 | Tafda |NM_001081092
q Teddml| NM_178244
2 XlIrSa |NM_001045539
XirSc | NM_031493
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Hypomethylations Hypermethylations® | New-Methytations®
- c d d 30"3"‘3
3ug/kg TCDD+LPS® | 30pg/kg TCDD +LPS® | 30pg/kg TCDD +LPS TCDDLPS'
ﬁ.Gene NCBI RefSeq| Gene [NCBIRefSeq] Gene | NCBIRefSeq | Geme |NCBI RefSeq
Acyp2 | NM_029344 1
Atg7 | NM_ 028835
Clic6 | NM_ 172469
Colde5 | NM_007736
Ddx54 | NM 028041
Fbxl7 | NM_176959
5 FOlrd | NM_176807
g Nirapll [NM_001160403
g 3ra NM_0083691 Se“; m—mg;
S Large | NM 010687 _
: Low | e S| et
E Nostrin | NM_181547 -
o} Nptl | NM_009198
Nptd | NM_134069
Spbc25 | NM_025565
Ubac2 | NM 026861
Unc5c | NM_009472
Uspl3 |[NM_001013024]
Whpl | NM_016757
Acyp2 | NM_029344
Arl0 | NM_ 019968
Atg7 | NM 028835
Cltb | NM 028870
Coldas | NM_007736
Fbxl7 | NM_176959
Higd2a| NM_ 025933 Arvef | NM_033474
Tlrapl1 [NM_001160403 Btbdll | NM 028709
Krrl | NM_178610 Cnga2 | NM_007724
Lange w—‘l’.’,‘s’g; Adamts17|NM_001033877 Eg"di" m—‘;gggg Acvrlb | NM_007395
'8 - Arl10 | NM_019968 ) - Arll6 | NM_197995
o, | Lipc | NM_008280 | 0 | NMTo22319 | Jeridla | NM_I45997 4o p0 | NMT153163
S | Luzp2 | NM 178705 | " | Npv g28g70 | Konk7 | NM 010609 }ooqrias( Ny 152807
& | Nop16 | NM 178605 | .S L Map3kll| NM 022012 -
B INostrin| NM_ 181547 | Higd2a | NM 025933 |7o0 13" | NM 144868 | 1185 | NM_008244
= N8 - Lingo2 | NM_175516 | - Ni7rd | NM_134437
Nptl | NM_oooros | [oree? | BVCITEE L pricidez | Nm_cotostias| 1iTee | RM-EHE
Nptd | NM_I34069 | 16 | NM 178605 | Qox1 |NM_001024945) ‘poog | Np 598727
Pkd1l2| NM 029686 | NOP - Six3 | NM_011381 .
Poldip3| NM_178627 Slel1a2 | NM_008732
Rep7a | NM 029101 SIc38a9 | NM_178746
Serhl | NM_023475 Ube216 | NM_019949
Six3 | NM_ 011381
Spbc25 | NM_025565
Tef4 | NM_009333
Ubac2 | NM_026861
Uncse | NM_009472
Uspl3 [NM_001013024
— | Ap2al [NM_001077264
Clic6 | NM_172469
2 I Daxs4 | NM 028041 | Nik2 [NM_00102507 ;‘f‘;'l‘;; R
S | E2Fs [NM_001013368| Prickie2 [NM_0010811 e M Goroo 47
O | pgm2 | NM_o028132 .
JPrickle2|NM_001081146
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One PCR product (187bp) annotated to a repeat element (L1Md_F2) located on multiple
chromosomes. BLAT searches also revealed 33 PCR products that annotated to regions
further than 10kb from known gene(s). The methylation status of 31 of these 33 RAMs
was unambiguous and could be classified as hypo- (19 RAMs), hyper- (6 RAMs), or
new- (6 RAMs) methylations. The remaining 2 RAMs exhibited a different methylation
status depending upon treatment: the 356bp RAM was hypermethylated in 3ug/kg TCDD
and newly methylated in 3ug/kg TCDD+LPS and 30ug/kg TCDD; the 370bp RAM was
hypomethylated in LPS and 30ug/kg TCDD and newly methylated in 3ug/kg TCDD

(Table S.2).

243 DAVID and GO Analysis

DAVID analysis identified few biological processes enriched by annotated genes. For
this reason, an assessment of similar GO terms with which annotated genes associated
was performed. Biological processes associated with annotated genes highlighted specific
differences between treatment groups. For example: LPS annotated genes do not associate
with apoptosis, innate immunity, or ubiquitin cycle; 30ug/kg TCDD annotated genes
associate with apoptosis, innate immunity, and ubiquitin cycle; 30ug/kg TCDD+LPS
annotated genes do not associate with proliferation but do associate with apoptosis,

chromatin modification, innate immunity, and ubiquitin cycle (Tables 2.3 and S.3).

2.4.4 Annotated Gene Interaction Analysis

Pathway Studio 6.0® interaction analysis revealed common (potentially affected by
two or more genes of interest) target genes and gene functional classes for annotated genes

in LPS, 30ug/kg TCDD, and 30ug/kg TCDD+LPS treatments (Figure 2.3). Specific treat-
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Table 2.3: Functional Groups Represented by Annotated Genes?

Signaling Pathway or Treatment Groups;‘:T
Cellular Process LPS 3pg/kg | 3pghkg | 30pghkg | 30ug/kg
TCDD |TCDD+LPS| TCDD |TCDD+LPS
Apoptosis’ - v v v v
Calcium Ion Storage v - v v v
Cell Cycle® v v v v v
Cell Differentiation v v v - v
Cell Proliferation v v v v -
Chromatin Modification - - - - v
Innate Immunity” - v v v v
Ton' v v v v v
Kinase® v v v - v
Protein Transport” v v v v v
RedOx’ v v v v v
Transcriptionj v v v v v
Ubiquitin® - - v v v
Vesicles v v v v v

4Signaling pathway and cellular process involvement discerned via GO analysis, genes are
grouped based on (single or many related) GO terms. Full list of each treatment groups
annotated genes presented in Table S.3

b Treatment groups are marked as having at least one representative annotated gene (v') or
none (-)

CGenes involved in (positive and negative) regulation of apoptosis

dGenes involved in the cell cycle and mitosis
€Genes involved in B-cell activation and innate immune response

J Genes involved in calcium ion homeostasis, ion transport, and metal ion binding
8Genes involved in protein kinase binding and kinase activity
hGenes with kinase and phosphatase activity
!Genes involved in protein transport, intracellular protein transport, and protein transporter
activity
JGenes using or producing secondary signaling molecules including Ca2+, cAMP, and
cGMP
kGenes involved in oxidation reduction and oxidoreductase activit
y

lGenes involved in transcription, transcription repressor activity, and transcription from
1Y P P y Y

RNA polymerase II promoter

MGenes involved in ubiquitin thiolesterase activity, regulation of protein ubiquitination,

and ubiquitin-protein ligase activity

"Genes involved in endocytosis, exocytosis, and vesicle-mediated transport
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ment interactions were further examined to identify those interactions that occurred in
TCDD or LPS treatments but not TCDD+LPS treatments or those interactions occurred
in TCDD+LPS but not TCDD or LPS treatments (Figure 2.4). A number of potential
regulatory interactions were identified as occurring in LPS but not in 30ug/kg TCDD+LPS
(Figure 2.4B) as well as many occurring in 30ug/kg TCDD+LPS that did not occur in LPS
(Figure 2.4A).

In LPS treatment, many annotated genes are involved in important signaling pathways
such as WNT, MAPK, and PI3K-AKT (Figure 2.3). Most of these same regulated genes
and processes are also evident in 30ug/kg TCDD+LPS treatment. However, LPS RAMs
annotated to two genes (Tcf4 and Grm2) to which 30ug/kg TCDD+LPS RAMs did not
annotate. Tcf4 may be responsible for regulating WNT, VEGF, and Akt while Grm2 may
be responsible for regulating MAPK (Figure 2.4B).

In 30ug/kg TCDD+LPS treatment, many annotated genes are involved in important
signaling genes and pathways such as caspase, GAP, JNK-Jun/Fos, MAPK, PI3K-AKT,
Ras, SMAD, and WNT. Annotated genes carried forward from LPS to 30ug/kg TCDD+LPS
include Aplbl, Ddx54, Glul, Ntrk2, Pdzd2, and Six3, which potentially regulate caspase,
GAP, Jun, MAPK, PI3K-Akt, Ras, and WNT signaling. Annotated genes carried forward
from 30ug/kg TCDD to 30ug/kg TCDD+LPS include Atg7, Ddx54, Glul, I13ra, Pdzd2,
and Six3, which potentially regulate Jun, PI3K-Akt, and WNT signaling. Annotated genes
unique to 30ug/kg TCDD+LPS include Acvrlb, Hgs, 1117rd, Map3k11, and Pde6g, which
potentially regulate caspase, GAP, JNK-Jun/Fos, MAPK, PI3K-AKT, Ras, and SMAD
signaling. In fact, the only signaling pathway regulated by carry forward but not unique
30ug/kg TCDD+LPS annotated genes is WNT (Figure 2.4).

A number of annotated genes are regulated in different directions in multiple treatment

groups. For example: phosphoinositide 3-kinase (PI3K) is upregulated by a LPS carry
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Figure 2.4.: Hypothesized regulatory interactions in spl tes following LPS (but
not following LPS treatment bined with TCDD) and 30ug/kg TCDD+LPS treat-
ments (but not following treatment with LPS alone). Putative positive (—), negative
(), and binding (- - -)interactions of all annotated genes (white) with common elucidated
genes (grey) and functional classes (black) are diagrammed. A. Interactions only occur-
ring following 30ug/kg TCDD+LPS treatment. Annotated genes are identified as Unique
or Carry Forward from LPS (O), TCDD (O), or both LPS and TCDD (5%). B. Interac-
tions only occurring following 25ug LPS treatment. References for interactions supplied
in Figures S.2-S.4 and Table S.5.
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forward annotated gene and downregulated by a 30ug/kg TCDD+LPS unique annotated
gene; Ras is upregulated by a LPS carry forward annotated gene and downregulated by
a 30ug/kg TCDD+LPS unique annotated gene; Akt is upregulated by LPS and 30ug/kg
TCDD carry forward annotated genes and downregulated by a 30ug/kg TCDD+LPS unique
annotated gene. Other carry forward annotated genes affect signaling genes and pathways
in the same manner in which they are affected by 30ug/kg TCDD+LPS unique annotated

genes.

2.5 Discussion

Methylation-sensitive restriction digestion followed by arbitrarily primed PCR and
capillary electrophoresis allows for the simultaneous and unbiased identification of
treatment-related hypo-, hyper-, and new Methylations. We identified 40 RAMs resulting
from LPS treatment, 43 RAMs resulting from 3ug/kg TCDD treatment, and 42 RAMs
resulting from 30ug/kg TCDD treatment. We further identified 34 RAMs resulting from
3ug/kg TCDD+LPS treatment and 39 RAMs resulting from 30ug/kg TCDD+LPS. Many
of the RAMs identified in TCDD+LPS treatments were carried forward from treatment
with LPS and TCDD alone. However, almost half of the RAMs identified in TCDD+LPS
treatments were unique (not carried forward from any other treatment).

Because so many RAMs were unique to the TCDD+LPS treatments, it is unlikely that
the phenomenon is random. We therefore propose that the methylation patterns observed in
mice treated with LPS are a means by which the splenocytes regulate gene expression. We
further propose that TCDD exposure may alter the normal splenocyte methylation pattern
and interferes with processes by which normal LPS-induced methylation patterns arise.

The interference of TCDD upon processes directing LPS-induced methylation patterns
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results in a unique methylation pattern observed subsequent to either treatment alone.
These results indicate the possibility of crosstalk occurring between TCDD and LPS treat-
ments to uniquely affect methylation status of various DNA sequences. Some RAMs were
also observed as having a different methylation status between treatment groups, indicating
interference and differing influences upon methylation processes between treated groups
(Figure 2.2).

AP-PCR products, identified as RAMs, were subsequently sequenced to identify genes
to which these RAMs annotated. Annotated genes include many involved in B cell signaling,
differentiation, and proliferation. DAVID and GO analysis identified annotated genes
involved in proliferation were affected by treatment with LPS but not by treatment with
TCDD+LPS or TCDD. DAVID and GO analysis of annotated genes also identified genes
involved in apoptosis and cytoskeletal rearrangement that are affected by treatment with
TCDD+LPS but not by treatment with LPS. These results are consistent with that observed
in vivo by North et al. where LPS-injection increased the total number of B-cells producing
IgM in sheep red blood cell (SRBC) assay, a result that is decreased by concomitant
exposure to TCDD. Results from this study are consistent with those reported by North et
al and indicate that changes in methylation may regulate some of the proliferative changes
observed in mice treated in vivo with LPS and TCDD.

Further analysis of annotated genes for potential interactions via Pathway Studio 6.0®
elucidated common targets between treatment groups. LPS annotated genes included two
genes (Tcf4 and Ddx54) that were not annotated from 30ug/kg TCDD+LPS treatment.
Tcf4 positively affects Vegfa, inhibits AR, and inhibits Mmp9. These are interactions
that occur only in response to LPS treatment and not to any treatment containing 30ug/kg
TCDD. Ddx54 negatively affects ESR1 which is an interaction that occurs in LPS and

30ug/kg TCDD treatments but not in 30ug/kg TCDD+LPS treatment. Annotated genes
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from LPS treatment inhibit Mmp9 and positively affect Vegfa. Regulation of these genes is
observed only in LPS treatment and not in any other examined treatment. Jun and Shcl are
positively affected by treatment with 30ug/kg TCDD+LPS but are not affected in any other
examined treatment. Treatment with 30ug/kg TCDD+LPS resulted in annotated genes that
potentially regulate common targets MAPK, SMAD, JNK, GAP, Ras, caspase, PI3K, and
PLC signaling pathways. These pathways are critical in intracellular balance between
cellular differentiation/proliferation and apoptosis, a balance regulated by LPS stimula-
tion and deregulated upon concomitant exposure to TCDD. Those annotated genes and
signaling pathways that Pathway Studio 6.0® has identified are prime candidates for cross-
talk between LPS and TCDD signaling. Due to the large number of potential locations of
interaction, the signaling occurring in LPS, TCDD, and TCDD+LPS treatments is compli-
cated and likely is affected by many more extra/intracellular factors (Figures 2.3, 2.4, and
3.2).

Protein kinase C (PKC) activation has previously been shown to down-regulate DNA
methylation activity in human lymphocytes, indicating a decrease in DNA methylation
activity resulting from release of internal calcium stores (Bonilla-Henao et al., 2005).
Decreased methylation was observed in all three treatment groups, potentially indicating
that PKC activity is increased in these splenocytes whether through calcium release (as
occurs in LPS signaling) or other mechanisms.

Results of this study provide compelling evidence for a DNA methylation based cross-
talk between LPS and TCDD signaling in splenocytes. Because many annotated genes are
closely involved in B-cell differentiation, we propose that alterations in DNA methylation
in splenocytes also occur in B-cells and induce the genes expression changes implicated
in controlling plasma cell differentiation and previously described by North et al. Future

studies are planned to assess the validity of these results in primary B-cells treated in vitro
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with TCDD and LPS, as well as to confirm the correlation between changes in methylation

status with alterations in mRNA expression of specific genes.
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3. EVALUATION OF ALTERATIONS IN GENE EXPRESSION IN
THOSE GENES EXHIBITING ALTERED DNA METHYLATION IN
MURINE SPLENOCYTES EXPOSED IN VIVO TO
LIPOPOLYSACCHARIDE (LPS) AND
2,3,7,8-TETRACHLORODIBENZO-p-DIOXIN (TCDD)

McClure, E.A., North, C.M., Kaminski, N., and Goodman, J.I.

a manuscript in preparation for submission to Toxicology Letters, 2010

3.1 Abstract

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) inhibits lipopolysaccharide (LPS)-
stimulated differentiation of B-cells within the splenocyte population into antibody-
producing plasma cells. We hypothesize that altered DNA methylation, an epigenetic
event, plays a key role in this inhibition. DNA was isolated from splenocytes prepared 6
days post experiment initiation from 5-6wk old female C57BL/6 mice dosed with: TCDD,
30ug/kg, on day O; or LPS, 25ug/mouse, on day 4; or with TCDD and then LPS on days
0 and 4, respectively. Regions of altered DNA methylation (RAMs) were discerned previ-
ously by an arbitrarily primed PCR/capillary electrophoresis procedure (Bachman et al.,
2006; McClure et al., 2010). The mRNA expression of selected genes (annotated RAMs or
genes closely affected by them) that might affect B-cell differentiation were analyzed using
gRT-PCR. Three patterns were observed: no change, similar changes in all groups, and
different changes based upon treatment. Adcy5 (calcium-dependent adenylyl cyclase) and
Bank1 (B-cell protein involved in calcium mobilization) increased mRNA expression in the
LPS group and decreased mRNA expression in the TCDD and TCDD+LPS groups. Bcor
(transcriptional regulator, can direct epigenetic modifications) decreased mRNA expression

in the LPS group, did not change mRNA expression in the TCDD or TCDD+LPS groups.
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Ddx54 (repressor of nuclear receptor transcriptional activity), Ralgds (affects ras signaling),
Ube216 (ubiquitinates proteins) and Phlpp (inhibits Akt phosphorylation) decreased mRNA
expression in the TCDD and TCDD+LPS groups, did not change mRNA expression in the
LPS group. This study suggests that TCDD blocks LPS-induced B-cell differentiation by
affecting both methylation status and gene expression. Further, genes likely important to
LPS signaling and TCDD response as well as many LPS signaling genes that are affected

by exposure to TCDD are identified.

3.2 Introduction

TCDD is a widespread environmental contaminant with high lipophilicity, accumu-
lating in the fat of carnivorous animals (including humans). Specific immunologic aberra-
tions observed in mice exposed to TCDD include the inability to mount an innate immune
response to LPS challenge.

LPS is a bacterial endotoxin found in the outer membrane of gram-negative bacteria
and is a potent B-cell mitogen capable of stimulating the humoral immune response. Upon
stimulation, B-cells become activated and begin rapidly proliferating concomitant with
increased expression of surface and secreted immunoglobulin M (IgM).

Murine TCDD-induced immunological suppression is easily measured as a suppres-
sion of IgM production with maximum in vitro suppression of primary sheep erythrocyte
IgM response observed at 30ug/kg TCDD in splenocytes isolated from C57BL/6 mice
(Figure 2.1) (Vecchi et al., 1980). The immune suppression in splenocytes treated in vivo
with TCDD+LPS is also accompanied with decreased B-lymphocyte-induced maturation

protein 1 (Blimp1) expression, decreased cpiot cells, decreased expression of immuno-
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globulin J (IgJ), x, and u chains, and decreased major histocompatability complex (MHC)
class II expression (North et al., 2009).

Genomic effects of TCDD are mediated almost entirely through binding to the ligand
dependent transcription factor aryl-hydrocarbon receptor (AhR). The AhR is normally
found in the cytoplasm of cells in complex with two heat shock protein 90kDa (Hsp90),
aryl-hydrocarbon receptor interacting protein (AIP), and a heat shock protein co-chaperone
p23/prostaglandin E synthase 3 (p23). Upon TCDD binding, AhR releases all chaperone
proteins and translocates to the nucleus where it is bound by aryl-hydrocarbon nuclear
translocator (ARNT) and functions as a transcriptional regulator which binds dioxin response
element (DRE)s (5-TNGCGTG-3). The ARNT/AhR complex upregulates transcription
of NF-E2 related factor 2 (Nrf2), which inhibits nuclear factor kx-light-chain-enhancer of
activated B-cells (NFxB) activation. Hsp90 is also a chaperone for inhibitor of nuclear
factor of x light chain gene enhancer in B-cells (IxB) kinase (IKK), which inhibits IKK
from inhibiting NFxB (so activating NFxB).

NFxB is composed of heterodimers of subunits p50, RelA, p52, c-Rel, and RelB. Vogel
and Matsumura (2009) have identified a RelB/AhR response element (ReIBAhRE) which
binds a RelB/AhR dimer complex and induces transcription in a TCDD-mediated manner.
Binding of this dimer to ReIBAhRE’s induces transcription of immunologically important
genes, including interleukin-8 (IL-8) (Vogel and Matsumura, 2009). The RelB/AhR dimer
is also capable of binding DREs, and NFxB binding sites. In the absence of exogenous
ligands (TCDD), RelB/p52 binding sites are targeted by RelB/AhR complexes and induce
normal trasncription of genes. Further endogenous activation of AhR is observed as a
response to cCAMP production.

Upon systemic challenge, LPS is bound by soluble acute phase protein LPS binding

protein (LBP). The LPS-LBP complex is then recognized and bound by the transmem-
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brane CD14 receptor to interact with the lymphocyte antigen 96 (MD2)/toll-like receptor
4 (TLR4) complex. Binding of TLR4 results in its cytoplasmic toll/interleukin-1 receptor
(TIR) domain activation. TLR4’s TIR domain activates two separate pathways: 1) The
Myeloid differentiation primary response gene 88 (MyD88) recruits interleukin-1 (IL-1)
receptor associated kinase (IRAK) for phosphorylation and subsequent association with
tumor necrosis factor (TNF) receptor associated factor 6 (TRAF6), leading to activation of
two signaling pathways. These signaling pathways result in the activation of transcription
factors NFxB and activator protein 1 (AP-1). 2) TIR domain-containing adaptor-inducing
interferon-f (TRIF) and TRIF-related
adaptor molecule (TRAM) activate TRAF6 which then activates TANK-binding Kinase 1
(TBK(1) to phosphorylate transcription factor interferon regulatory factor 4 (IRF4) (Takeda
and Akira, 2004). Hsp90 is also (in high concentration) reported to induce TLR4 activation
and positively contribute to antigen processing and presentation on MHC class II molecules
(Tobian et al., 2004).

TLR4 and B-cell receptor (BCR) signaling also induce Bruton’s tyrosine kinase (Btk)
to bind phosphatidylinositol (3,4,5)-triphosphate (PIP3) and phosphorylate phospholipase
C (PLC). Activated PLC hydrolyzes phosphatidylinositol (4,5)-bisphosphate (PIP5) to
inositol triphosphate (IP3) and diacylglycerol (DAG) which regulate further
signaling cascades in the cell (ie. calcium release). PIP3 is generated by phosphoinositide
3-kinase (PI3K) (regulated by Lyn of BCR signaling) and recruits Akt to the membrane
for activation, with PIP3 binding to Akt identified as the rate-limiting step in Akt activa-
tion. Akt signaling is important in regulating survival, cell cycle, metabolism, and apoptosis
through regulation of Ras/Raf, mitogen-activated protein kinase (MAPK), and NFxB

signaling cascades.
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IRF4 is positively regulated by NFxB and indirectly increases Blimpl expression by
inhibiting B-cell lymphoma 6 protein (Bcl6) and paired box protein 5 (Pax5) expression.
Together, Bcl6, Blimpl, and Pax5 create a reciprocally repressing transcription factor
switch, with Pax5 inhibiting IgM production (Figure 1.1).

Epigenetic mechanisms of regulation occur through the addition of heritable, imperma-
nent marks upon genetic material. Epigenetic regulation can be passed from parental to
filial generations of both cells and whole organisms. More transient occurrences are also
identified in which various stages of cellular development and differentiation are regulated
epigenetically.

DNA methylation, in the form of 5-methylcytosine, normally occurs at 70% of CpG
dinucleotides (Naveh-Many and Cedar, 1981b). Altered DNA-methylation, an epigenetic
mechanism that plays a regulatory role in gene expression, has been proven to play multiple
roles in carcinogenesis, development, differentiation and even TCDD response (Kurkjian
et al., 2008; Okino et al., 2006; Wu et al., 2004).

A change in DNA methylation due to LPS-challenge in vivo has previously been
described as have alterations in DNA methylation due to TCDD exposure alone and prior
to LPS-challenge (McClure et al., 2010). In this letter, evidence is presented that suggests
some genes associated with regions of altered DNA methylation (RAMs) also exhibit

changes in mRNA expression due to LPS and TCDD exposure.
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3.3 Materials and Methods
3.3.1 Preparation of in vivo Splenocyte Samples
Chemicals

TCDD was purchased from Accustandard (New Haven, CT) and prepared in sesame
oil (Sigma-Aldrich, St. Loius, MO). Salmonella typhosa LPS (Sigma-Aldrich, St. Louis,

MO) was prepared in phosphate buffered saline (PBS) immediately prior to administration.

Animals

Mice, treatments, and splenocyte collection were described previously (North et al.,
2009). The same splenocyte samples from those animals sacrificed upon day 6 (post LPS
exposure) in the previous studies (North et al., 2009; McClure et al., 2010) were used for
this study. Female 6-8 week old C57BL/6 mice were purchased from the National Cancer
Institute and housed in accordance with Michigan State University Institutional Animal
Care & Use Committee policy. On day 0, TCDD (0, 3, 10, or 30ug/kg in sesame oil)
was administered by single oral gavage. On Day 4, to initiate primary humoral immune
response, LPS (0 or 25ug in PBS) was administered by int.raperitoneal injection. Spleen
samples were collected on days 4-7 from all treatment groups (6 animals per group) and
stored at -80°C. Mice from day 4 that received only TCDD or vehicle treatment, were
used to establish baseline TCDD effects (measured by Antigen Forming Colonies (AFCs)

response from samples collected on day 7) (Figure 2.1).
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33.2 gRT-PCR
RNA Isolation

RNA from splenocytes was isolated using TRIzol® Reagent (Sigma-Aldrich, St. Louis,
MO) according to manufacturer’s protocol. Following isopropanol precipitation and ethanol
wash, RNA pellets were resuspended in Promega SV RNA Lysis Solution and further

purified according to the manufacturer’s protocol (Promega, Madison, WI).

cDNA Generation

cDNA was generated using Applied Biosystems High Capacity Archive kit according

to manufacturer’s instructions (Applied Biosystems, Foster City, CA).

Gene Selection Criteria

Gene selection criteria is based upon data published in McClure et al. (2010). Each gene
examined via quantitative reverse transcription PCR (qQRT-PCR) was chosen for unique

reasons as listed below:
e Adenylate cyclase type 5 (Adcy5) is activated by calcium signaling.

o In the previous study, protein kinase B (Akt) was uniquely identified as a common
target of annotated genes occurring in groups treated with 25ug LPS, 30ug/kg TCDD,

or 30ug/kg TCDD+LPS.

e Few studies have reported a change in Akt expression as a regulatory mechanism in
cell development, while many report changes in the phosphorylation state (and so

activity) of this kinase. For this reason, the expression of PH domain and leucine
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rich repeat protein phosphatase (Phlpp), a dephosphorylase uniquely identified as

specifically targeting Akt, was assessed.

B-cell scaffold protein with ankyrin repeats (Bank1) was selected due to its ability to

regulate calcium signaling specifically in activated B-cells.

Bcl6 co-repressor (Bcor) functions in concert with Bcl6 in ‘switch’ regulatory
sequence and was cloned from treatments although never annotated (unpublished

data).

Calcium-dependent secretion activator 2 (Cadps2) participates in the priming step
of dense-core vesicle exocytosis, an important function in various calcium-secreting
cells (Sadakata et al., 2007). Study of mouse tissue homogenates indicates that
Cadps?2 is most highly expressed in the brain, pituitary, and lungs but only minimally
expressed in the spleen and thymus (Sadakata et al., 2007). The pleckstrin homology
domain of Cadps2 likely allows interaction with PIP5-rich microdomains in the
plasma membrane in a calcium-dependent manner. Although it has not yet been
studied nor proven, it is possible that Cadps2 helps in vesicle-mediated immuno-

globulin secretion in differentiated B-cells.

Dead box 54 (Ddx54) was annotated in all treatments, but identified as having targets
common with other annotated genes only in LPS and 30ug/kg TCDD and so was

assessed as an anomalous representative of the annotated gene populations.
Interleukin-17 receptor D (1117rd) affects Ras, MAPK, and Akt.

Small subunit processome component homolog (Krrl) is a ribosomal protein down-

regulated in metastatic histiocytoma (Adrien et al., 2010).
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e Tyrosine-protein phosphatase non-receptor type 3 (Ptpn3) is affected by ubiquitin

protein ligase E3A (Ube3A) and inhibiting MAPK.

® Ral guanine nucleotide dissociation stimulator (Ralgds) is important in G-Protein

Coupled Receptor (GPCR) signaling.

® Retinoic acid receptor o. (Rara) is a nuclear receptor which increases T-lymphocyte
number, NO synthase activation, and LBP expression

(Seguin-Devaux et al., 2002, 2005).

o Ubiquitin/ISG15-conjugating enzyme E2 L6 (Ube216) functions in concert with Ube3A

to affect Akt activity.

® Zinc finger protein 128 (Zfp128) is a poorly studied zinc-finger protein with likely

transcription factor activity.

These genes have all been identified as potentially important in B-cell development, differ-

entiation, and/or signaling.

Primer Preparation

Primers were designed using the web-based NCBI/Primer-BLAST
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/). Primers were synthesized by the Macro-
molecular Structure Facility at Michigan State University. The UCSC In-Silico PCR web-
based tool (July 2007 build, http://genome.ucsc.edu/cgi-bin/hgPcr?db=mm9) confirmed
designed primers to preclude the possibility that expression data be attributed to genomic
DNA contamination. Through designing primers to span an exon-exon junction and so that

products span at least one intron we have increased stringency of primer selection to ensure
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evaluation of changes in functional mRNA expression. Gene names, symbols, accession

numbers, primer sequences, and amplicon size are listed in Table S.1.

mRNA Quantification

According to the manufacturer’s protocol, each reaction contained 1uL of cDNA from
the aforementioned reverse transcription reaction (with the exception of 18s reactions,
which contained 1uL of 1:1000 cDNA in DEPC-treated water), 1X Power SYBR Green
PCR Master Mix (Applied Biosystems, Foster City, CA), 0.3uM of forward and reverse
primers, and DEPC-treated water (Ambion, Austin, TX) to S0uL. QRT-PCR amplification
of duplicate reactions was conducted as previously described (Phillips et al., 2009). Using
the absolute quantitation method of determining mRNA expression levels, mRNA copy
number of genes was standardized to that of the 18S rRNA gene copy number to control for

differences in RNA quantity, quality, and reverse transcription efficiency between samples.

Data Analysis

Fold changes in the treatment groups (vs. control) were calculated by comparing: (1)
30ug/kg TCDD+LPS versus Control, (2) 30ug/kg TCDD versus Control, (3) LPS versus
Control, (4) 3ug/kg TCDD+LPS versus Control, and (5) 3ug/kg TCDD versus Control.
Statistical outliers, identified by the Grubbs’s test (p<0.05,
http://www.graphpad.com/quickcalcs/Grubbs1.cfm) were excluded from the final fold
change calculations. Expression was considered differentially regulated if it was statisti-
cally different from the control grdup as determined by Students two-tailed t-test, p<0.05.
Cases in which there was no statistically significant change, but gene expression in >3

samples was outside of the 95% confidence interval (CI) of the control group, and all in the
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same direction (either up or down), were considered to show an “indication of change” in

expression. Results are presented in Tables 3.1 and S .4.

3.4 Results and Discussion

gRT-PCR analysis assessed mRNA expression of 14 genes (see section 3.3.2 for a
description of selection criteria) which can affect crucial pathways involved in the differ-
entiation and proliferation of B lymphocytes (Figures 3.1 and 3.2): 7 annotated genes plus
6 genes which interact with Akt-PI3K regulation of B-cell maturation plus Akt. Eleven
of these genes exhibit altered expression in at least one treatment group, while the other 3
show an indication of altered expression (Figure 3.1, Tables 3.1 and S.4).

The only gene to show no change in expression due to treatment, I117rd mRNA
expression is decreased in splenocytes of mice treated with 30ug/kg TCDD, 25ug LPS,
or 30ug/kg TCDD+LPS (Tables 3.1 and S.4). Decreased I117rd mRNA expression may
decrease its inhibition of Akt, increasing cAMP response element-binding protein (CREB),
estrogen receptor (EsR), mammalian target of rapamycin (mTOR), IKK, and glycogen
synthase kinase 3B (GSK-3p) activities. In concert, these changes increase Myc and Blimp1
transcription,  decreasing Pax5 activity and increasing IgM  expression
(Figure 3.2). I117rd is newly methylatedl in an intron in splenocytes of animals treated
with 30ug/kg TCDD+LPS (McClure et al., 2010). The methylation status of this gene
does not correlate with the decreased expression in all treatment groups. Because the
decrease in I117rd mRNA expression is observed as a result of all three treatments, likely
this downregulation is not the main regulatory mechanism by which TCDD inhibits the

differentiation of plasma cells in response to LPS stimulation.
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Table 3.1: Treatment-related changes in gene expression.

Gene’ Expression Clmngeb . .
Symbol | pg|?0n/ke]_30ng/ke Gene Description/Function NCBI RefSeq
TCDD |TCDD+LPS
Serine/Threonine Kinase
Akt 14| - - Capable of regulating proliferation | NM-"09652
Adey5 | | W v ca®’ dependent Adenylcyclase NM_001012765
_ B-Cell adaptor protein capable of inhibiting
Bank1 L Z v Akt activation NM_001033350|
ix54 | — RNA Helicase able to repress nuclear
D v v receptor transcriptional activity NM_028041
Phipp | - | W V¥  |Inhibitor of Akt phosphorylation and activity] NM_133821
Stimulates dissociation of GDP from Ras-
algds | - | W v related GTPases NM_009058
Ube2l6| - | ¥ N7 Ubiquitin-Conjugating Enzyme NM_019949
_ _ Bcl6 Co-Repressor, transcriptional regulator
Beor | ¥ May Affect Epigenetic Modifications NM_175045
Zfp128 | W _ _ Represses BMP/'SI:‘ S{l;;-g flgnalmg through NM_153802
Inhibits FGF signaling (and so proliferation)
mmd || ¥ v through the FGFR NM_134437
Ptpn3 | W _ ¥ Protein Tyrosine Pl'llf;sgeh;tase, Non-Receptor NM_011207

4 Analyzed genes include 5 annotated genes (bold) and 6 other genes (selection criteria:
see section 3.3.2), detailed data presented in Table S.4

b All expression changes are statistically significant (as measured by Student’s, two-tailed,
t-test, p<0.05) and indicated as: upregulation (1), downregulation ({), or no change (-)

3.4.1 Genes Involved in LPS Signaling

Ptpn3 mRNA expression is not altered in splenocytes of mice treated with 30ug/kg
TCDD, but decreased in those treated with 30ug/kg TCDD+LPS or 25ug LPS (Tables 3.1
and S.4). Cadps2 mRNA exhibits indication of a similar pattern of expression (Tables S.4).
Decreased Ptpn3 mRNA may increase MAPK signaling and so AP-1 activity. Increased
AP-1 activity increases Blimpl transcription, so decreasing Pax5 activity and increasing
IgM expression (Figure 3.2). Decreased Cadps2 mRNA may be also be an important
component of LPS signaling that results in IgM secretion, that is not affected by TCDD

exposure.
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TCOD+LPS

Figure 3.1.: Treatment-related changes in splenocyte gene expression. Expression of 5
annotated (bold) and 6 additional genes (selection criteria presented in section 3.3.2) was
evaluated (upregulated: white, —; downregulated: black, -I; or unchanged: grey) following
treatment with 25ug LPS, 30ug/kg TCDD, or 30ug/kg TCDD+LPS. Genes exhibiting
expression changes in the same direction (either up or down) are connected with a solid
line, those exhibiting expression changes in opposite directions are connected with a dashed
line.

Cadps2 annotates to a new methylation, <2kb downstream of the gene, unique to
30ug/kg TCDD+LPS treatment and occurs within 2kb of the last exon/intron of the gene
(McClure et al., 2010). Because the region of altered DNA methylation (RAM) annotated
to Cadps2 is unique, it was not also observed in groups treated with LPS indicating that
this change in DNA methylation is not specific to LPS signaling (like the gene expression

data) and so cannot be correlated with gene expression.
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Because Ptpn3 and Cadps2 expression are decreased only in the splenocytes of those
animals treated with LPS, it is likely that these proteins help regulate IgM expression
in response to LPS challenge. However, IgM expression, but neither Ptpn3 nor Cadps2
expression, is greatly diminished in those splenocytes of mice exposed to TCDD prior to
LPS challenge (North et al., 2009), likely indicating that the downstream effects of Ptpn3

expression are also altered by TCDD exposure.

3.4.2 Genes Involved in TCDD Signaling

Ddx54, Ralgds, Bank1, Phlpp, and Ube216 mRNA expression are not altered in spleno-
cytes of mice treated with 25ug LPS but decreased in those treated with 30ug/kg TCDD
or 30ug/kg TCDD+LPS (Tables 3.1 and S.4). Decreased Ddx54 mRNA may decrease its
inhibition of EsR and so increase the transcription of genes regulated by EsR, including
those with enhanced expression when AhR and EsR concomitantly bind the promoter
region. Ddx54 also has helicase activity and so may regulate other genes epigenetically,
an action that may be inhibited by Ddx54 downregulation (Figure 3.2). Decreased Ralgds
mRNA may decrease 3-phosphoinositide dependent protein kinase-1 (PDK1) and AP-1
activity. In concert, these changes decrease Blimpl1 transcription, increasing Pax5 activity
and decreasing IgM expression. Decreased Bankl mRNA may decrease release of calcium
from internal stores, reducing calmodulin (CaM) inhibition of E2A (critical to promoting
the expression of pro-B-cell proteins such as recombination activating gene (RAG)),
increasing v-ets erythroblastosis virus E26 oncogene homolog 1 (Ets1) and EsR suppres-
sion, reducing NFxB and IRF4 inhibition, and eventually activating Blimp1 which results
in inhibited Pax5 and increased IgM expression. Decreased Phlpp mRNA may decrease its

inhibition of Akt, increasing CREB, EsR, mTOR, IKK, and GSK-38 activity. Decreased
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Ube2l6 mRNA may increase Ptpn3s inhibition of MAPK and decrease Ube3As activation
of Akt, decreasing AP-1 activity while increasing CREB, EsR, mTOR, IKK, and GSK-3f3
activity (Figure 3.2).

Raro mRNA expression is not altered in splenocytes of mice treated with 25ug LPS but
shows indication of increased expression in those treated with 30ug/kg TCDD or 30ug/kg
TCDD+LPS (Tables S.4). An increase in Rarao mRNA may increase LBP expression
(and so LPS binding and recognition by lymphocytes) as well as NO synthase activity
(a process also induced by LPS signaling through TLR4). Oxidants impede Nrf2 degra-
dation, increasing its translocation to the nucleus, and likely reducing NFxB-mediated
pro-inflammatory reactions through competition for binding to aryl-hydrocarbon response
elements (AREs) (Li et al., 2008). TCDD exposure induces Nrf2 transcription, thereby
causing reduced cellular LPS-induced inflammatory response, a mechanism likely devel-
oped to inhibit hypersensitive response to pathogens (Thimmulappa et al., 2006)
(Figure 3.2). However, when induced by TCDD exposure prior to LPS challenge the
reduction in inflammatory response induced by Nrf2 signaling may be exaggerated to such
an extent that instead of protecting against LPS-induced septic shock, it actually inhibits
response to the challenge and so limits appropriate B-cell differentiation. The upregulation
of Rara in 30ug/kg TCDD and 30ug/kg TCDD+LPS increases both the recognition of
LPS and the translocation of Nrf2 to the nucleus to inhibit inflammatory response. These
actions work in opposition, however, because that reducing inflammatory response acts
in cis to affect the originating cell while that increasing LBP expression acts in trans to
affect other cells as well as the originating, it is likely that the former mechanism gains
precedence and serves as a means by which TCDD exposure inhibits the differentiation of

B-cells in response to LPS challenge.
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Ralgds, Bankl, and Phlpp did not annotate to RAMs in any treatments. Ddx54 is
hypomethylated at a location >2kb upstream of the transcriptional start site (TSS) in 25ug
LPS, 30ug/kg TCDD, and 30ug/kg TCDD+LPS treatment groups. Ube2l6 is hypermethyl-
ated at a location >2kb upstream of the TSS in 30ug/kg TCDD+LPS (McClure et al.,
2010). This data suggests that the alterations in gene regulation observed as a result of
TCDD treatment were not dependent upon methylation status in the examined regions.

In concert, decreases in Ddx54, Ralgds, and Ube216 mRNA and increases in Rara
expression result in increased EsR activity, increased Nrf2 activity, decreased Blimpl
activity, and decreased IgM expression: a pattern observed in splenocytes of mice treated
with 30ug/kg TCDD or 30ug/kg TCDD+LPS. Decreases in Bankl and Phlpp mRNA
expression are hypothesized to decrease EsR activity, decrease release of calcium from
internal stores, increase Blimp1 activity, and increase IgM expression. However, decreased
Blimpl may also function by decreasing inositol triphosphate receptor (IP3R) mediated
Ca2+ release from the endoplasmic reticulum, resulting in decreased protein kinase C
(PKC) activity, leading to decreased ras/raf signaling, decreased MAPK signaling,
decreased AP-1 activity, which can downregulate Blimpl, activating Pax$5 and decreasing
levels of IgM mRNA. The described pattern (as well as that hypothesized to occur as
a result of decreases in Ddx54, Ralgds, and Ube216 mRNA expression) of gene down-
regulation in 30ug/kg TCDD and 30ug/kg TCDD+LPS treatments is consistent with the
observation that IgM expression is suppressed as a result of TCDD exposure. This result
indicates that Rara,, Ddx54, Ralgds, Bank1, and Ube216 mRNA downregulation may be

important signaling events occurring in TCDD-exposed splenocytes.
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3.43 Genes Involved in LPS Signaling and Affected by TCDD exposure

Akt mRNA expression is not altered in splenocytes of mice treated with 30ug/kg TCDD
nor 30ug/kg TCDD+LPS but is increased in those treated with 25ug LPS. Bcor andZfp128
mRNA is not altered in splenocytes of mice treated with 30ug/kg TCDD nor 30ug/kg
TCDD+LPS but decreased in those treated with 25ug LPS
(Tables 3.1 and S.4). Increased Akt mRNA may increase the concentration of active Akt
and so CREB, EsR, mTOR, IKK, and GSK-3P activity. Decreased Bcor mRNA may
decrease the activity of Bcl6, thereby increasing Blimp1 and decreasing the activity of Pax5
and B-cell lymphoma-extra large (Bcl-xl), so increasing IgM expression and apoptosis
(Figure 3.2).

Krrl mRNA expression is not altered in splenocytes of mice treated with 30ug/kg
TCDD nor 30ug/kg TCDD+LPS but shows indication of decreased expression in those
treated with 25ug LPS (Table S.4). This decrease in expression is correlated with hyper-
methylation of the gene’s TSS (McClure et al., 2010) and suggests that LPS signaling
induces methylation of Krrl’s TSS in response to LPS-challenge in order to decrease
mRNA expression. Because Kirl is a subunit of a processome important in ribosomal
biogenesis, it is likely that downregulation of this gene’s expression may have global impact
in inhibiting cellular transcription and translation.

In concert, these changes increase Myc and Blimpl transcription, decreasing Pax5
activity and increasing IgM expression (Figure 3.2). Because the hypothesized effects of
the observed increase in Akt and Bcor expression are in accordance with those reported
by North et al. (2009), it is reasonable to hypothesize that these gene expression alter-

ations may be responsible for the increased IgM expression induced by LPS-challenge. The
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lack of gene expression in those splenocytes of animals treated with 30ug/kg TCDD+LPS
indicates that TCDD exposure inhibits appropriate gene regulation for LPS-signaling.

Adcy5 mRNA expression is increased in splenocytes of mice treated with 25ug LPS
but decreased in those treated with 30ug/kg TCDD, or 30ug/kg TCDD+LPS (Tables 3.1
and S.4). Decreased AdcyS mRNA may decrease renin (REN) activity, acting upon down-
stream elements to decrease Blimpl1 transcription, increasing Pax5 activity and decreasing
IgM expression. Altered Bankl mRNA may affect calcium (Ca2+) release from internal
stores, acting upon downstream elements to affect Blimpl transcription, affecting Pax5
activity and IgM expression (Figure 3.2). Because AdcyS expression is decreased only in
the splenocytes of those animals treated with TCDD and is increased in those treated with
only LPS, it is likely that this protein, as well as Akt, regulates pathways important in LPS
response and disrupted in response to TCDD exposure.

The similar pattern in mRNA expression of numerous genes, with similar regulation
in TCDD and TCDD+LPS treatments but dissimilar regulation in LPS treatment, indicates
that TCDD has a dominant influence upon the mRNA expression of these genes. Whether
this influence is through many different affects of TCDD or simple alterations in the
expression of specific transcription factors is yet to be determined, although the de-
regulation of Blimp1 expression is a likely candidate as it has been shown to be a master-
regulator in the development of B cells and is a transcription factor capable of regulating
many signaling pathways within the cell.

Bank1, Ddx54, Phlpp, Ralgds, and Ube216 are all downregulated in 30ug/kg TCDD and
30ug/kg TCDD+LPS treatments, but not in LPS treatment. Ptpn3 is downregulated in LPS
and 30ug/kg TCDD+LPS treatments but not in 30ug/kg TCDD treatment. This evidence
would indicate that the regulation of mRNA expression of these genes is only by TCDD

or LPS treatment, whether alone or in combination. Unfortunately, due to limitations in
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the sequencing protocol, direct comparison of changes in methylation status to mRNA
expression cannot be made. Future work including bisulfite sequencing of areas of interest

in specified genes will be better able to elucidate these connections.
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3.44 Conclusion

This analysis has identified three genes involved in TCDD signaling and eight genes
involved in LPS signaling, of which six are adversely affected by concomitant TCDD-
exposure. None of these genes (with the exception of Akt) have been previously described
as being involved in TCDD or LPS responses. Taken together, the expression data presented
here describes novel protein expression patterns critical to LPS response, TCDD response,
and the inhibition of LPS response by concomitant TCDD exposure. This study has also
described evidence for TCDD-exposure having a large amount of control over cellular
responses, especially to LPS (Figure 3.1).

As discussed previously, complete annotation of all RAMs using the described cloning
and sequencing technique is not possible. In fact, it is highly likely that many RAMs were
not cloned and that not all RAMs were cloned in all the treatment groups in which they
occurred. For this reason, further analysis of these genes, probing methylation status at
specific sites must be employed before final conclusions about the interactions between
methylation status and gene expression are made. However, the data presented here in
combination with that from McClure et al. (2010) supplies persuasive evidence that LPS
and TCDD exposure cause novel alterations in DNA methylation that further effect gene
mRNA expression. The data further indicates 3 novel groups of proteins that are: (a) differ-
entially regulated due to LPS signaling, (b) differentially regulated due to TCDD signaling,
and (c) differentially regulated due to LPS signaling, with inappropriate regulation occur-
ring as a result of TCDD exposure. Results of this study have also suggested that, for
the genes examined, methylation status within introns, 2kb upstream of the TSS, or 2kb
downstream of the last exon/intron does not regulate gene expression while increased

methylation in the TSS of Krrl decreases gene expression. The DNA methylation status
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and gene expression data for Krrl indicate that TCDD exposure has affected both. This
discovery suggests a novel epigenetic mechanism of TCDD-induced gene regulation by
which TCDD affects gene expression through methylation of the TSS. This discovery
is contrary to the previously held opinion that alterations in gene expression induced by
TCDD exposure are dependent upon genetic mechanisms involving the binding of TCDD-
bound AhR to gene promoter elements. The evidence of an epigenetic mechanism of
regulation occurring within splenocytes exposed to TCDD suggests the occurrence of more

complicated interactions that were previously hypothesized.
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4. ADDITIONAL RESULTS

In addition to those results discussed in chapters 2-3, indications of DNA methylation
affecting genes important for other epigenetic mechanisms of regulation have been

discovered:

miRNA One RAM annotated to a mouse microRNA, mmu_miR_210. mmu_miR_210 is
a key player of endothelial cell response to low oxygen tension and is induced by
HIF1 (Fasanaro et al., 2008). In humans, in silico searches have revealed that genes
involved in proliferation, DNA repair, chromatin remodeling, metabolism, and cell
migration (specifically E2F transcription factors and Acvrlb) may all be targets of

miR_210 (Fasanaro et al., 2008) (Kulshreshtha et al., 2008).

Two genes important in B-cell differentiation and survival, c-Myc and E2F, activate
the miR_17_92 oncogenic cluster (Ivan et al., 2008) while tumor protein 53 (p53)
targets miR_34a and contributes to its function (He et al., 2007). Together, these inter-
actions suggest a role for miRNA in development of splenocytes and their signaling

functions.

Repeat Elements A total of 29 annotated genes and 34% of RAMs not annotated to
genes contain long interspersed nuclear element (LINE) elements. Because CpG
dinucleotide methylation protects healthy cells fom inappropriate transcription of
repetitive elements such as LINEs it is natural to hypothesize that these annotated
genes and regions of the chromosome are critically regulated by DNA methylation
(Walsh et al., 1998). Future studies should address the methylation status of these
regions in B-cells at different stages of development in order to discern if they contain

previously unrecognized regulatory elements.
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Transcription Factors Three annotated genes, E2F8, Taf4a, and Tcf4, are transcription
factors. Often transcription factors are regulated in a developmental or tissue-specific
manner. Disregulation of the appropriate expression of transcription factors results in
inappropriate gene regulation. Future studies should address the expression of these

transcription factors in splenocytes as well as throughout B-cell differentiation.

Histone Code Two genes, Jaridla and Taf5l, are capable of altering the histone code.
Jarid1a demethylates lysine 4 of histone H3, so regulating transcription of the Hox
protein during differentiation. Taf5l is a component of the PCAF complex which is
able to acetylate histones in a nucleosomal complex. Alterations in the methylation
state of these two genes may further epigenetically regulate the expression of other

genes by altering the histone code.
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S. SUMMARY

Epigenetics is a discipline still in its infancy. Only recently has the general public begun
to discover the implications of epigenetic research. This field is exciting because of the
many levels of intricacy with which it is associated. No epigenetic event can be taken
completely out of context from other epigenetic and genetic factors occurring within a
cell or organism. Studies in DNA methylation are necessarily affected by occurrences of
mutations, histone alterations, ncRNA, and tissue-specific transcription factors within the
same populations. For this reason, minute examination of individuals may not result in
the drawing of appropriate conclusions about a population. Rather, groups of individuals
must be studied and the average occurrence of epigenetic marks measured in an attempt to
develop a snapshot of important regulatory mechanisms.

The studies described in this thesis were designed so as to explore a heterogeneous
population of splenocytes in order to better understand the alterations in DNA methylation
that occur as a result of LPS-challenge and TCDD exposure. Although DNA methylation
states may be similar among studied splenocytes, the occurrence of other epigenetic and
genetic markers as well as specific cell subtypes in which the methylations occur can all
affect the realization of effect upon gene regulation.

A broad, non-biased approach was adopted in order to obtain a pattern of global alter-
ations in methylation. This non-biased approach still had limitations in complete identifica-
tion of all RAMs in all treatment groups. In order to confirm methylation status of observed
gene regions, more specific studies should be performed including bisulfite sequencing or
methylation sensitive QqRT-PCR.

Despite the limited nature of these studies, 5 important conclusions can be drawn:

1) LPS-challenge results in alterations in DNA methylation
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2) TCDD exposure results in alterations in DNA methylation

3) TCDD exposure prior to LPS-challenge results in alterations in DNA methylation
not observed in LPS-challenge or TCDD exposure and indicates an epigenetic form of
crosstalk occurring between signaling of the two treatments

4) LPS-challenge results in alterations in gene expression

5) TCDD exposure results in alterations in gene expression

The potential regulation of LPS-induced signaling through specific and global changes
in DNA methylation has not been addressed before. This result has larger implication in the
treatment of bacterial infection, study of B-cell differentiation, and study of commensal/host
interactions. Future work should address questions such as: Do bacterial strains alter DNA
methylation differently? Does knockout of DNMT’s cause an individual to become more
or less susceptible to bacterial infection? Can specific genes be targeted by drug therapies
to induce an altered immune response and so better prognosis in difficult-to-treat bacte-
rial infections? These are broad and difficult questions that may be addressed through the
application of methylation sensitive PCR, bisulfite sequencing, gene expression profiling,
and knockout models.

The potential regulation of TCDD-induced signaling through global changes in DNA
methylation has previously been addressed (Wu et al., 2004; Shen and Whitlock, 1989)
but not as broadly nor in regards to the specific genes discussed here. The results reported
here have larger implications in the treatment of TCDD poisoning. Future work should
address questions such as: How long do the patterns of altered DNA methylation last in
TCDD exposed populations? Does the knockout or induction of any gene attenuate the
ability of TCDD to alter DNA methylation? Can TCDD treatment be useful in illnesses or
poisonings from other compounds inducing increased DNA methylation? These, like those

of LPS, are broad and difficult questions that may be assessed using similar methods.
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These results offer insight into highly complex signaling networks occurring in LPS
and TCDD exposed splenocytes 3.2. I propose that these networks are partly regulated by
epigenetic changes (specifically DNA methylation) in exposed populations. Future work
must address specific sites of altered DNA methylation in correlation with changes in gene
expression. These studies may then discover new target genes for treatment of bacterial
infection and sepsis, for treating TCDD poisoning, or even for treatment of immunologic

deficiencies.
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Table S.5: Literature references for annotated genes. The numbered references
correspond to the numbers above lines indicating interactions in figures S2-4.

1. McEntaffer, R. L., Natochin, M. and Artemyev, N. O. (1999). Modulation of
Transducin Gtpase Activity by Chimeric Rgs16 and Rgs9 Regulators of G Protein
Signaling and the Effector Molecule. Biochemistry 38, 4931-4937

2. Ippolito, D. L., Temkin, P. A., Rogalski, S. L. and Chavkin, C. (2002). N-
Terminal Tyrosine Residues within the Potassium Channel Kir3 Modulate Gtpase
Activity of Gai. Journal of Biological Chemistry 277, 32692-32696

3. Xiong, S., Zhao, Q., Rong, Z., Huang, G., Huang, Y., Chen, P., Zhang, S., Liu,
L. and Chang, Z. (2003). Hsef Inhibits Pc-12 Cell Differentiation by Interfering with
Ras-Mitogen-Activated Protein Kinase Mapk Signaling. Journal of Biological
Chemistry 278, 50273-50282

4. Gorski, J. A., Zeiler, S. R., Tamowski, S. and Jones, K. R. (2003). Brain-
Derived Neurotrophic Factor Is Required for the Maintenance of Cortical Dendrites. J.
Neurosci. 23, 6856-6865

5. MacFarlane, M., Kohlhaas, S. L., Sutcliffe, M. J., Dyer, M. J. S. and Cohen, G.
M. (2005). Trail Receptor-Selective Mutants Signal to Apoptosis Via Trail-R1 in
Primary Lymphoid Malignancies. Cancer Res 65, 11265-11270

6. Mota, M., Reeder, M., Chernoff, J. and Bazenet, C. E. (2001). Evidence for a
Role of Mixed Lineage Kinases in Neuronal Apoptosis. J. Neurosci. 21, 4949-4957

7. Cowan, C. M., Thai, J., Krajewski, S., Reed, J. C., Nicholson, D. W., Kaufmann,
S. H. and Roskams, A. J. (2001). Caspases 3 and 9 Send a Pro-Apoptotic Signal from
Synapse to Cell Body in Olfactory Receptor Neurons. J. Neurosci. 21, 7099-7109

8. Gonzalez-Martinez, D., Kim, S.-H., Hu, Y., Guimond, S., Schofield, J.,
Winyard, P., Vannelli, G. B., Turnbull, J. and Bouloux, P.-M. (2004). Anosmin-1
Modulates Fibroblast Growth Factor Receptor 1 Signaling in Human Gonadotropin-
Releasing Hormone Olfactory Neuroblasts through a Heparan Sulfate-Dependent
Mechanism. J. Neurosci. 24, 10384-10392

9, Easton, J. B., Moody, N. M., Zhu, X. and Middlemas, D. S. (1999). Brain-
Derived Neurotrophic Factor Induces Phosphorylation of Fibroblast Growth Factor
Receptor Substrate 2. Journal of Biological Chemistry 274, 11321-11327

10. Preger, E., Ziv, 1., Shabtay, A., Sher, I., Tsang, M., Dawid, I. B., Altuvia, Y. and
Ron, D. (2004). Alternative Splicing Generates an Isoform of the Human Sef Gene with

Altered Subcellular Localization and Specificity. Proceedings of the National Academy
of Sciences of the United States of America 101, 1229-1234

109



11. Kanda, N., Koike, S. and Watanabe, S. (2005). Prostaglandin E2 Enhances
Neurotrophin-4 Production Via Ep3 Receptor in Human Keratinocytes. Journal of
Pharmacology and Experimental Therapeutics 315, 796-804

12. Le, S., Connors, T. J. and Maroney, A. C. (2001). C-Jun N-Terminal Kinase
Specifically Phosphorylates P66shca at Serine 36 in Response to Ultraviolet Irradiation.
Journal of Biological Chemistry 276, 48332-48336

13. Atwal, J. K., Massie, B., Miller, F. D. and Kaplan, D. R. (2000). The Trkb-Shc
Site Signals Neuronal Survival and Local Axon Growth Via Mek and Pi3-Kinase.
Neuron 27, 265-277

14. Breit, A., Gagnidze, K., Devi, L. A., Lagacé, M. and Bouvier, M. (2006).
Simultaneous Activation of the Delta Opioid Receptor (Deltaor)/Sensory Neuron-
Specific Receptor-4 (Snsr-4) Hetero-Oligomer by the Mixed Bivalent Agonist Bovine
Adrenal Medulla Peptide 22 Activates Snsr-4 but Inhibits Deltaor Signaling. Molecular
Pharmacology 70, 686-696

15. Zhang, L., Hu, Y., Sun, C., Huang, J. and Chu, Z. (2008). [Brain-Derived
Neurotrophic Factor Promotes the Secretion of Mmp-9 in Human Myeloma Cell
through Modulation of Nucleus Factor-Kappab]. Zhonghua Xue Ye Xue Za Zhi 29, 243-
6

16. Zi, X., Guo, Y., Simoneau, A. R., Hope, C., Xie, J., Holcombe, R. F. and Hoang,
B. H. (2005). Expression of Frzb/Secreted Frizzled-Related Protein 3, a Secreted Wnt
Antagonist, in Human Androgen-Independent Prostate Cancer Pc-3 Cells Suppresses
Tumor Growth and Cellular Invasiveness. Cancer Res 65, 9762-9770

17. Rajendran, R. R., Nye, A. C., Frasor, J., Balsara, R. D., Martini, P. G. V. and
Katzenellenbogen, B. S. (2003). Regulation of Nuclear Receptor Transcriptional
Activity by a Novel Dead Box Rna Helicase (Dp97). Journal of Biological Chemistry
278, 4628-4638

18. Amir, A. L., Barua, M., McKnight, N. C., Cheng, S., Yuan, X. and Balk, S. P.
(2003). A Direct S-Catenin-Independent Interaction between Androgen Receptor and T
Cell Factor 4. Journal of Biological Chemistry 278, 30828-30834

19. Chen, X., Agate, R. J., [toh, Y. and Arnold, A. P. (2005). Sexually Dimorphic
Expression of Trkb, a Z-Linked Gene, in Early Posthatch Zebra Finch Brain.
Proceedings of the National Academy of Sciences of the United States of America 102,
7730-7735

20.  Wilson, S. W. and Houart, C. (2004). Early Steps in the Development of the
Forebrain. Developmental Cell 6, 167-181

21. Rena, V., Angeletti, S., Panzetta-Dutari, G. and Genti-Raimondi, S. (2009).
Activation of S-Catenin Signalling Increases Stard7 Gene Expression in Jeg-3 Cells.
Placenta 30, 876-883

110




22. Nakamura, K., Martin, K. C., Jackson, J. K., Beppu, K., Woo, C.-W. and Thiele,
C. J. (2006). Brain-Derived Neurotrophic Factor Activation of Trkb Induces Vascular

Endothelial Growth Factor Expression Via Hypoxia-Inducible Factor-1a in
Neuroblastoma Cells. Cancer Res 66, 4249-4255

23. Holnthoner, W., Pillinger, M., Groger, M., Wolff, K., Ashton, A. W., Albanese,
C., Neumeister, P., Pestell, R. G. and Petzelbauer, P. (2002). Fibroblast Growth Factor-

2 Induces Lef/Tcf-Dependent Transcription in Human Endothelial Cells. Journal of
Biological Chemistry 2717, 45847-45853

24. Tanaka, A., Itoh, F., Itoh, S. and Kato, M. (2009). Tal1/Scl Relieves the E2-2-
Mediated Repression of Vegfr2 Promoter Activity. J Biochem 145, 129-135

25. Dentelli, P., Rosso, A., Garbarino, G., Calvi, C., Lombard, E., Di Stefano, P.,
Defilippi, P., Pegoraro, L. and Brizzi, M. F. (2005). The Interaction between Kdr and

Interleukin-3 Receptor (I1-3r) Beta Common Modulates Tumor Neovascularization.
Oncogene 24, 6394-6405

26. Panopoulou, E., Murphy, C., Rasmussen, H., Bagli, E., Rofstad, E. K. and
Fotsis, T. (2005). Activin a Suppresses Neuroblastoma Xenograft Tumor Growth Via
Antimitotic and Antiangiogenic Mechanisms. Cancer Res 65, 1877-1886

27. Dihlmann, S., Kloor, M., Fallsehr, C. and von Knebel Doeberitz, M. (2005).
Regulation of Aktl Expression by Beta-Catenin/Tcf/Lef Signaling in Colorectal Cancer
Cells. Carcinogenesis 26, 1503-1512

28. Hasseine, L. K., Murdaca, J., Suavet, F., Longnus, S., Giorgetti-Peraldi, S. and
Van Obberghen, E. (2007). Hrs Is a Positive Regulator of Vegf and Insulin Signaling.
Experimental Cell Research 313, 1927-1942

29.  Zheng, F., Soellner, D., Nunez, J. and Wang, H. (2008). The Basal Level of
Intracellular Calcium Gates the Activation of Phosphoinositide 3-Kinase-Akt Signaling
by Brain-Derived Neurotrophic Factor in Cortical Neurons. Journal of Neurochemistry
106, 1259-1274

30. Xie, Z.-H., Ambudkar, I. and Siraganian, R. P. (2002). The Adapter Molecule
Gab2 Regulates Fc{Epsilon}Ri-Mediated Signal Transduction in Mast Cells. J Immunol
168, 4682-4691

31. Cheng, L., Sapiceha, P., Kittlerova, P., Hauswirth, W. W. and Di Polo, A. (2002).
Trkb Gene Transfer Protects Retinal Ganglion Cells from Axotomy-Induced Death in
Vivo. J. Neurosci. 22, 3977-3986

32. Zhang, H., Wu, W., Du, Y., Santos, S. J., Conrad, S. E., Watson, J. T.,
Grammatikakis, N. and Gallo, K. A. (2004). Hsp90/P50cdc37 Is Required for Mixed-
Lineage Kinase (MIk) 3 Signaling. Journal of Biological Chemistry 279, 19457-19463

111



33.  Yin, G,, Zheng, Q., Yan, C. and Berk, B. C. (2005). Gitl Is a Scaffold for
Erk1/2 Activation in Focal Adhesions. Journal of Biological Chemistry 280, 27705-
27712

34. Rayala, S. K., Hollander, P. d., Balasenthil, S., Molli, P. R., Bean, A. J.,
Vadlamudi, R. K., Wang, R.-A. and Kumar, R. (2006). Hepatocyte Growth Factor-
Regulated Tyrosine Kinase Substrate (Hrs) Interacts with Pelpl and Activates Mapk.
Journal of Biological Chemistry 281, 4395-4403

35. Thomas, M. K., Tsang, S. W., Yeung, M.-L., Leung, P. S. i. n. g. and Yao, K.-
M. (2009). The Roles of the Pdz-Containing Proteins Bridge-1 and Pdzd2 in the
Regulation of Insulin Production and Pancreatic Beta-Cell Mass. Current Protein and
Peptide Science 10, 30-36

36. Jung, H. S., Chung, K. W., Won Kim, J., Kim, J., Komatsu, M., Tanaka, K.,
Nguyen, Y. H., Kang, T. M., Yoon, K.-H., Kim, J.-W,, Jeong, Y. T., Han, M. S., Lee,
M.-K.,, Kim, K.-W., Shin, J. and Lee, M.-S. (2008). Loss of Autophagy Diminishes
Pancreatic S Cell Mass and Function with Resultant Hyperglycemia. Cell Metabolism 8,
318-324

37. Harrison, C. A., Gray, P. C., Koerber, S. C., Fischer, W. and Vale, W. (2003).
Identification of a Functional Binding Site for Activin on the Type I Receptor Alk4.
Journal of Biological Chemistry 278, 21129-21135

38.  Wildey, G. M,, Patil, S. and Howe, P. H. (2003). Smad3 Potentiates
Transforming Growth Factor Beta (TgfB)-Induced Apoptosis and Expression of the
Bh3-Only Protein Bim in Wehi 231 B Lymphocytes. Journal of Biological Chemistry
278, 18069-18077

39. Oren, A., Herschkovitz, A., Ben-Dror, I., Holdengreber, V., Ben-Shaul, Y.,
Seger, R. and Vardimon, L. (1999). The Cytoskeletal Network Controls C-Jun
Expression and Glucocorticoid Receptor Transcriptional Activity in an Antagonistic
and Cell-Type-Specific Manner. Mol. Cell. Biol. 19, 1742-1750

40. Levenson, A. S., Svoboda, K. M., Pease, K. M., Kaiser, S. A., Chen, B., Simons,
L. A, Jovanovic, B. D., Dyck, P. A. and Jordan, V. C. (2002). Gene Expression Profiles
with Activation of the Estrogen Receptor A-Selective Estrogen Receptor Modulator

Complex in Breast Cancer Cells Expressing Wild-Type Estrogen Receptor. Cancer Res
62, 4419-4426

41. Yang, X., Kovalenko, D., Nadeau, R. J., Harkins, L. K., Mitchell, J., Zubanova,
0., Chen, P.-Y. and Friesel, R. (2004). Sef Interacts with Tak1 and Mediates Jnk
Activation and Apoptosis. Journal of Biological Chemistry 279, 38099-38102

42. Savinainen, A., Garcia, E. P., Dorow, D., Marshall, J. and Liu, Y. F. (2001).
Kainate Receptor Activation Induces Mixed Lineage Kinase-Mediated Cellular

Signaling Cascades Via Post-Synaptic Density Protein 95. Journal of Biological
Chemistry 276, 11382-11386

112



Appendix B: Supplemental Figures

5 Transcriptional
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i Spans transcriptional start site and/or 5’ untranslated region
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2) >10kb from either transcriptional start site or last exon/intron
3) Repeat element: multiple “top” hit scores and one/several are associated with gene(s)

A. One site and one gene
B. Multiple sites in one gene
C. Two or more genes

4) Repeat element: multiple “top” hit scores and none associated with gene(s)

Figure S.1.: Classification of RAM annotation based upon genomic location, as deter-
mined by BLAT search. Our scheme used to classify annotated Regions of Altered
Methylation (RAMs) according to information gleaned from BLAST-like Sequence Align-
ment Tool (BLAT; http://genome.ucsc.edu/cgi-bin/hgBlat) analysis based on where, in
relation to a gene, the PCR product aligned (i.e., the RAM was identified). For example,
PCR products designated as 1Bii are located between 2 and 10kb upstream from an
annotated gene.
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Figure S.2.: Regulatory interactions of annotated genes in 25ug LPS treatment.

Replicate of Figure 2.3A with reft desig as bers above lines indicating
regulation. Specific references corresponding to these numbers are listed in Table S.5.

Figure S.3.: Regulatory interactions of annotated genes in 30ug/kg TCDD treatment.
Replicate of Figure 2.3B with references designated as numbers above lines indicating
regulation. Specific references corresponding to these numbers are listed in Table S.5.

114



Figure S.4.: Regulatory interactions of annotated genes in 30ug/kg TCDD+LPS treat-
ment. Replicate of Figure 2.3C with refi designated as bers above lines

indicating regulation. Specific references corresponding to these numbers are listed in
Table S.5.
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